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ABSTRACT

JSEP research has yielded two new laser microprobes for use in electronics

fabrication. The development of such probes is increasingly important because of the need

[I for precision il itu monitoring in advanced electronics fabrication. In the first,
photoelectric emission induced by a focused UV laser beamn)257 ahas been used for

the first time to make a scanning photoemission microscope for probing semiconductor

surfaces. With this instrument it was possible to map regions of different doping levels on

a silicon surface. The spatial resolution was found to be limited only by the laser beam

spot size. In addition, Raman microprobe spectroscopy has been used to profile locally

doped regions in GaAs with micrometer-level resolution. This is an important ia-itu£ diagnostic technique for compound semiconductors.

Two new experimental systems have been es lished at Columbia for fundamental

studies of layer and bulk compound semiconduc urfaces and bulk crystals. In the first,

a unique high-resolution laser two-photon pho Ilectron system has been built and tested.

This system will be used to study Fermi-l#el band-stuurm e of interfaces, insulator band

structure, and electron dynamics. I the second, the photoluminescence from ZnSe

epilayers on GaAs, bulk crys flie ZnSe, and ZnSe/ZnMnxSel.x superlattices had been

studied when these materi*.were subjected to hydrostatic pressure in a diamond anvil cell.

These measuremieave provided an improved value for the hydrostatic deformaticSpotential fZe. This study will aid the development of optical and electronic devices

ba"d-onwide-band-gap LI-VI semiconductors.I We have investigated ways of making improved sources of silent light (also known

as photon-number-squeezed light or sub-Poisson light), and determined how such light

behaves when it impinges on simple optical elements such as dielectric beamsplitters. In

addition, we have used the novel ultrafast optical technique of time-delayed-four-wave-

mixing (TDFWM) to measure optical dephasing phenomena in semiconductor doped

glasses. Dephasing times as short as 18 fsec were observed at room temperature with no

evidence of modulated structure. ~~'4 ~ KAY~ P
In device physics, a simple theoretical model has been developed which explains

the bimetal Schottky-barrier behavior observed in our UHV experiments over the last two
years. Within this model, the functional dependence of d. - barrier height on the inner metal

thickness is interpreted in terms of the metal effective screening and the interface trap states.

The results indicate that the potential drop inside the metal electrode of a Schottky contact is

not negligible, in contrast to the common assumption.

VtvL '\ ~~.v.~ f



(ABSTRACT CONTINUED)

A simple method for producing hot electrons and studying their collisions with
molecules in the gas phase has been developed. A key and novel feature of the experiments

is the resolution, 0.0003cm -I or approximately 4 x 10-8 eV! This compares with standard
electnm scattering experiments which have a typical energy resolution of about 80 cm "1 or

10 meV. The high resolution is obtained by observing the molecular collision partner

rather than the scattered electron as is normal in most electron scattering experiments. Such

studies are providing fundamental insight into the mechanisms and processes which are
important in plasma etching reactors. Considerable interest in this technique has been

exhibited by scientists working on plasma etching diagnostics in the electronics industry.
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I. QUANTUM GENERATION AND DETECTION OF RADIATION

U A. SILENT LIGHT
Malvin C. Teich, Principal Investigator (212) 854-3117
Research Area I, Work Unit 1

5 We have been investigating ways of making improved sources of silent light (also
known as photon-number-squeezed light or sub-Poisson light),1 and determining how
such light behaves when it impinges on simple optical elements. We have determined the

photon statistics at the output of a lossless beamsplitter when photon number states are
incident at the inputs.2 As described in (a) below, the results reflect unexpected

interferences of photon pairs with themselves. For optical signals transmitted through

random media such as the atmosphere, rather than through an optical fiber, the K

distribution and its Poisson transform turn out to be of interest. 3 These families of
distributions can be represented in multiply stochastic (compound) form, as discussed in3 (b). Detectors of nonclassical and classical light can exhibit l/f-type noise under a variety
of experimental conditions.4 As we show in (c), a generalized form of 1/f shot noise can3 be used to describe these fluctuations.

(a) ntmrehania bemswiffr
A number of authors have considered the behavior of the quantum-mechanical

beamplitter in the past few years. We have provided a comprehensive approach that treats

the photon statistics arising from the homodyne photomixing of (not necessarily
independent) light beams of arbitrary statistical composition. It turns out that important

mathemtial tools can be borrowed directly from a different, but fully equivalent, physical
model: the quantization of angular momentum. By employing a two-dimensional boson-3operator algebra, Schwinger reformulated the theory of angular momentum. 5 The

technique, viewed in mverse, is ideally suited to the beamsplitter. Schwinger's formalism3 has been considered by Yurke u..aL 6 who showed that interferometry with beamsplitters
may be viewed geometrically as abstract rotations of angular momenta on a sphere. We

have extended this approach, carrying over to quantum optics many of the well established

ematical methods and results from the theory of angular momentum.

For optical homodying, the matrix representation of a lossless beamsplitter belongs

to the SU(2) group of unimodular second-order unitary matrices. The connection between
this group and the rotation group in three dimensions permits the field density operators at5 the input and output ports of the beamsplitter to be related by means of well-known

*



angular-momentum transformations. This, in turn, provides the joint output photon-

number distribution, which may be written as a Fourier series in the relative phase shift
imparted by the beamsplitter, for a general joint state at its inputs. The series collapses to a

single term if one of the input fields is diagonal in the number-state representation. If the
inputs to both ports are further restricted to be pure number states, the joint, as well as the

marginal photon-number distributions, turn out to be directly proportional to the square of

Jacobi polynomials in the beamsplitter transmittance. These photon-number probabilities

are invariant to a set of physical and time-reversal symmetries. When one of the input

photn-number states is the vacuum, the beamsplitter simply deletes photons from the other
port in Bernoulli fashion, as if they were classical particles. The output photon number is

then described by the binomial distribution. If the inputs at the two ports are different

number states, neither of which is the vacuum, the photon-number distribution is

extpressible in terms of summed and weighted products of the results for photomixing with

the vacum. If the inputs at the two ports are identical number states, and a beamsplitter of

transmittance t=1/2 is used, the photon-number distribution assumes a simple but

interesting form. It vanishes for odd photon numbers, indicating that the photons assemble

in pai at each output port. Finally, it is shown that honxlyning quantum fluctuations can

be reduced by using a balanced photomixer for arbitrary input states.

In Figure I we provide a comparison of the beamsplitter-output photon-number

probability distributions when there are a total of 10 photons at the input ports, and the

beamplitter transmittance v=1t2. The unimodal binomial distribution for a vacuum-state
input at one port (110,0>) evolves into a distribution in which odd photon numbers are

absent when there are equal numbers of photons at each input port (15,5>), illustrating the

results described above.

(b) r tation fr K distributions3

In optics the K distribution provides a useful statistical description for problems

involving fluctuations of the irradiance (and electric field) of light that has been scattered or

transmitted through random media (e.g., the turbulent atmosphere). The Poisson

transform of the K distribution describes the photon-counting statistics of light whose

irradiance is K-distributed.
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The KO distribution was first used in the biological sciences in the 1950's:7

however. its first %pplication in optics appears to be in connection with the problem of

doubly-scattered laser light.8 A general approach for problems involving the field and
iradiance in scattering, speckle. and the propagation of light through turbulent media has
been dcveloped 9 This model has also been used to describe non-Rayleigh microwave sea
echo. 10 A number of generalizations of the K distribution, including the I-K It and the
generalized-K 12 distributions, have been set forth. The K distribution has also been
obtained in the context of a quantum-mechanical formulation. 13

Two physically distinct doubly stochastic representations are available for the K
distribution and for some of its generalizations. In the first, the second oment of a
,aXlig distribution is smeared by a gamma distribution. In the second, the mean of a

g distribution is smeared by another gamma distribution. It has been shown that the
generalized K distribution can be represented as a Rician distribution with both its mean-
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square noise component and its coherent amplitude varying in correlated fashion, according

to a gamma distribution. 12 The Poisson transform of the K distribution, describing the

photon-counting detection of light whose field (or irradiance) is K-distributed, has been

written in terms of Whittaker functions.8

We have been able to demonstrate that the K-distribution family can be represented
in multiply stochastic (compound) form, whereby the mean of a gamma distribution is itself

stochastic and described by a member of the gamma-family of distributions. Similarly, the

family of Poisson transforms of the K distributions can be alternatively represented as a

family of negative-binomial transforms of the gamma distributions, or as Whittaker

distributions. These multiply stochastic representations provide an alternate route to the

random-walk models in understanding the genesis of these distributions and their Poisson

transforms. Using these representations we have developed a new transform pair as a

useful addition to the K-distribution family. All of these distributions decay slowly and are

difficult to calculate accurately by conventional formulas. A recursion relation, together

with a generalized method of steepest descent, has been developed to evaluate numerically

the photoi-courting distributions, and their factorial moments, to excellent accuracy.

A schematic representation for the effects of a scattering (or atmospheric) medium

of fluctuating tansmission (with characteristic fluctuation time Ta), imposing a random
modulation on the mean irradiance W of a light source passing through it, is provided in

Figure 2(a). For purposes of illustration, we have taken the fluctuations of the mean

itradiance imposed by the medium to be gamma-distributed. These fluctuations result in an

overall mean aW for the light that emerges from the medium, where a is a scaling factor

introduced by the medium. Light sources also exhibit intrinsic irradiance fluctuations
(characteriz*d by the coherence time Tc). The integrated irradiance of chaotic (or thermal)
light, for example, is gamma-distributed. A gamma-fluctuating light source, whose mean

is smeared by a random medium in accordance with another gamma distribution, results in

a doubly stochastic distribution for the integrated intensity that is given by the K'

distribution. A unity quantum efficiency detector of the integrated irradiance provides a

direct measure of this distribution. In Figure 2(b), the fluctuating medium and the light

source have the same properties as those considered above. The integrated intensity is

therefore again describable by the K' distribution, but in this case a photon-counting

detector is used. It measures the Poisson transform of the integrated intensity, rather than

the integrated intensity itself. The resultant discrete photon-counting distribution, which

we refer to as A(n), is therefore the Poisson transform of the K' distribution. For a unity

quantum efficiency counter, it registers the same overall mean count aW as does the

integrated-irradiance detector.
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Figure, 2. Models represefting the effects of a medium with fluctuating trnsmission (or a scattering
medium) on the statiuuicdal pPriev of a light source observed at dhe output of a detector. (a) The medium
(with characteristic fluctuation time Ta) stochasticaliy modulates the mean irradiance of the source. the
source exhibits intisicw irradiance flucwazioms (with coherence tine r1j, and the detectr records the overall
(contiuousi integrated imuadianc (in the time 1). (b) Same as (a). but now dhe detector records the overall

(discrete) photon count (in the time T).

5 (c) Generalized 1/f shot n oise in semiconductor dam=tu~
The semiconductor detectors used to detect light exhibit 1/f-type noise under a3 variety of experimental conditions. One widely used theoretical approach to this problem

makes use of a superposition of relaxation processes of different time constants. We have3 used an alternative approach based on a generalized form of 1/f shot noise that we have
developed. The impulse response functions assume a time-decaying power-law form with
power -03. For 0 < A<I1, the 1/f shot-noise process can serve as a source of 1/fu noise.

for any a m 2 (1-f3) in the range 0 <ac 2. T'he first-order moment generating function
has been developed for 0 < 0 < 1, from which first-order statistics may be numerically

computed. For > 1, the amplitude has a Levy-stable probability density function.

*5.
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B. OPTICAL COHERENT TRANSIENT SPECTROSCOPY

Sven R. Hartmann, Principal Investigator (212) 854-3272

Research Area I, Work Unit 2

1 1. Attosecond Beats in Atomic Vapors

(D. DeBeer, E. Usadi, S. Hartmann)U
We are continuing our study of beating effects in time-delayed four-wave mixing

3 experiments. In an experiment in sodium vapor, we have observed sub-femtosecond

modulation of the signal intensity as a function of delay time. 1 The excitation fields

contained firquency components corresponding to the two fine-structure split levels of the

first excited state. The frequency of the modulation was the sum of the frequencies of these
two levels. The same excitation scheme is now being employed in an experiment in

potassium vapor. The excitation fields are the second harmonics of the fields from two

coherent (laser) sources tuned respectively to the fine-structure split levels of the 4S-6P3 transition. The sum of these frequencies, and therefte the expected modulation frequency,

is 1.7 V 1015 Hz. This implies a beat period of 575 attoseconds (1 asec = 10- 18 sec)

3 which we believe will be the fastest such quantum beat observed.

These beats have not yet been observed in our potassium experiment. However the

experimental apparatus is completely assembled, and the search for the expected

modulation is nearing its climax. A schematic representation of the apparatus is presented

in the figure below. The relative delay between the fields in the k1 and k 2 directions is

controlled by moving one mirror in a Michelson-type interferometer with a piezoelectric
crystal. Since one complete modulation of the signal occurs for every 575 asec of

increasing (or decreasing) delay, all mirrors in the interferometer must be stable to much

better than 1/4 of one wavelength (X = 3447A). We have been successful in stabilizing the

I delay jitter to well within the limit required for this experiment. To achieve a reasonable

signal intensity, pulses of area x are desirable. This implies a needed laser intensity of 4483 watts / sq. cm. (compared to 0.24 watts / sq. cm. in the sodium experiment). This

c ton and the fact that we achieve an 8% second harmonic conversion efficiency in

generating the ultraviolet excitation fields necessitate the use of two amplifiers for each dye

laser.
At present fluctuations in the four-wave mixing signal have prevented observation

of the beats. Initially it was thought that amplitude jitter in the pump beams was the main

1 D. DeBeer, E. Usadi, and S. R. Hartmann, Phys. Rev. Lett. 60, 1262 (1988)
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culprit. Small jitter in our Nd:YAG laser amplitude is magnified by three nonlinear

processes: dye laser pumping, 2nd harmonic generation, and four wave mixing. An

attempt was made to eliminate this source of noise by software-selecting data based on

pump laser amplitude. Large four wave mixing amplitude jitter persisted even with the use

of this data acquisition software. We now believe that the fluctuations are due largely to
fiquency jitter in the dye lasers. The doppler-broadened width of the potassium resonance

lines is 1 GIIz. Each laser operates in several longitudinal modes (with a mode spacing of

less than 1 GHz and a total bandwidth of about 6 GHz) and hops freely between them. We

are now setting up dye lasers which operate in a single longitudinal mode and have a time-

averaged bandwidth of less than 150 MHz.2 It is hoped that this will result in a more stable

four-wave mixing signal and enable us to observe attosecond beats in potassium vapor.

Schematic diagram of the apparatus used to generate sum-frequency beats in the TDFWM

signal as a function of time delay: Each dye laser consists of one oscillator and two

amplification stages with a spatial filter after each stage. The KDP crystal doubles the

frquency of each of the laser beams. All subsequent optical components are coated to

reflect only these second harmonic UV beams, so no residual visible light reaches the

potassium cell. M1 is mounted on a piezoelectric-driven translation stage. M2, made of

two perpendicular mirrors, displaces each beam so that it combines at the beam splitter with

the beam of the other frequency.

The research in this report was supported by the Joint Services Electronics Program

and the Office of Naval Research.

2. Broad-Band Time-Delayed Four-Wave Mixing

(M. Arend and S. R. Hartmann)

a. Cnera
The time-delayed four-wave mixing (TDFWM) technique has been exploited to

measure ultra-fast optical dephasing phenomena in organic dyes and semiconductor doped

glasses. This technique originated from the incoherent photon echo experiment by Beach et

a13 and the work by Morita et al4 The experimental apparatus is shown in Figure 1. Our

source is obtained by transversely -umping a flow through dye cell with the 2nd harmonic

from a pulsed YAG laser (7 nsec pulse duration). A mirror is placed to one side of the cell

to provide single pass amplification of the spontaneous emission. The light is then split in

2 M. 0. Littman, Applied Optics, Vol. 23, No. 24, (15 Dec. 1984)
3 R. Beach, S. R. Hartmann, Phys. Rev. Lett. 53, 663 (1984)
4 N. Morita and T. Yajima, Phys. Rev. A 30, 2525 (1984)
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an inteferometer with one arm fixed while the otherlmay be moved with aresolution of 50

urn by means of a Meiles Griot Nanomover. This resolution in positional delay
corresponds to a 0.33 fsec: resolution in time delay. The two beams are made to be parallel
as they leave the delay line and are subsequently focused so that they overlap in the sample.

Interference, of the light at the sample causes the ground state population to be modulated

along the direction transverse to the excitation beam so that a spatial grating gets produced

in the sample. Light which arrives at the sample at a latter time during the pulse duration

can then scatter off this grating. The energy of the scattered pulse as a functionof delay is

what we call the time delayed four wave mixing response.

Experimetal Apparatus For Incoherent
Time-Delayed Four-Wave-Mixing

ItelverMilew Filte o
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b.
We have utilized our broad band tunable source to excite wide regions of the Nile

Blue absorption spectrum. In Figure 2 we show the transmission spectrum of Nile Blue

together with the intensity spectra of several sources we have used to generate TDFWM

responses. Our TDFWM measurements indicate that the Nile Blue SO-S I transition is

homogeneously broadened at room temperature. In Figures 3, 4 and 5 we show the

TDFWM response for the sources centered at 6200A, 6300 and 6600,. The TDFWM

respons for both the 6200A and the 6300A sources is symmetric as is the response, not

shown, for the 5800A source. The former, shown in Figure 3, is identical with the square

of the auto correlation function while the second, shown in Figure 4, shows definite

broadening which can be characterized by a value of T2=18 fsec. These results are the

basis of our statement that the Nile Blue transition is homogeneously broadened at room

temperature. Our result at 6600A, which is at the edge of the band, shows evidence of a

small amount of inhornogeneous broadening.

Trani.M k BNile Y&i . Wa
om.b" VMM Sawm SpecUa

1.0 '
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- 004 Sm
-C + eLDS 698 3m=
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Figure 2: The power spectrum of four different sources is shown on the same wavelength
axis as the transmission spectrum of nile blue. The sources which correspond to Figures
3,4, and 5 are DCM+Sulforhodamine640, DCM, DCM+LDS698 respectively.
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I These results ae relevant to the recent report of Becker et a15 in which 6 fsec pulses

wen used in a photon echo experiment in Nile Blue. Dramatic beating effects which

modulated an exponential decay wee observed. They attribute the beating to system

modes at 555 cm- and 1850 cur l . They assumed that their systemwa inhomogeneously.
bnadened so that the observed exponential decay implies a homogeneous relaxation time
T2 of 65 sec. However, another interperaion is possible. If one assumes homogeneous

bmadening their experiment implies a homogeneous relaxation time T2 of 33 fsec which is

not out of line with our experimental results. In a separate study by Weiner et a16 , 70 fsec

pulses were used to do three pulse scatering experiments. Their scattering curves for Nile

Blue are indistinguishable from the instataneous response which they claim indicates that

the system is homogeneusly broadened with an apparent dephasing time less than their 20

fsec experimental resolution. This is also consistent with our experimental results and

3 iinconsint with the results of Becker et al. In addition we have made a modal analysis of

our data using the system modes of Becker et al and it does not seem possible to account

for both the narrowing we observe with the 6200A source and the broadening with the

6300A source.

TDFWM Im Nie I f, I= Delay
1.0 - t SmstAC

0.40

0.0 2 .. . , - l

S-; 0 -a 2'0 40 s0
Pd.. D"ly (bM.)

Figure 3: TDFWM in Nile Blue at room temperatur in both the 2k2-kl and 2kl-k2
directions. Also shown is the square of the autocorrelation trace of the light used. The
light source for this data is the DCM+Sulforhodamine640 source shown in Figure 2.

5 P. C. Becker, IL. L Fragnito, J. Y. Bigot, C. H. Brito Cruz, and C. V. Shank,
PhyS. Rev. Lett. 63, 5 (1989)

6 A. M. Weiner, S. De Silvestri, and E. P. Ippen, J. Opt. Soc. Am. B 2,4 (1985)
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Figure 5: TDFWM in NMfe Blue at room tempraur in both the 2k2-kl and 2kl-k2
dbion. Also shown is the suare of the autocorrelafion trame of the light used. The
ight source for this data is the DCM+LS698 source shown in figure two.

In order to theoretically analyze the TDFWM problem for a multilevel system in as

simple a manner as possible we restricted the analysis to the case where two delayed

incoherent fields are directed along kl and k2 while a third field directed along k3 is

12



U

SI relatively cohenm For extrem inhomogneous broadening we are able to write the
resulting intensity scattered along k3 + k2-k 1 in terms of elementary functons as7

I( C)oe4 T1 T,2T*E:E jP fIPuj2eXP (

T2  2T 2 1- 2'2
* x{I-Ef[( a- -J(~ O~)c} (1)

E0 r to the amplitude of the two delayed fields while E3 refers to the amplitude of the3 third pulse. Te, Ti, and T2 corespond respectively to the correlation time of the excitation
field and dhe longitudinal and transverse relaxation time.

Using the modal analysis of Becker et al and using the source centered at 6200A we
use expression (1) to obtain the result shown in Figure 6. This result has the asymmetric
signature of inhomogeneous broadening and is inconsistent with our experimental result
shown in Figure 3. It is interesting to note that the beats should be washed out because of

the shortness of T2.

S.

* 0.6

~0.4

0.2

.50 0 50 100
I 'r (fsec)

Figure 6: The theoretical TDFWM response using the source centered at 6200A and
assuming the parameters for Nile Blue which are given by Becker et al. Notice theU asymmeu.c response.

1 7 S. R. Hartmann and J. T. Manasash, submitted to J. Phys. B.
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If we assume homogeneous broadening then the appropriate response is

~~~2 J _InI e P J
× exp 2[Ti2...J+ i(o)L - o0))T - T 2T,) + i(COL- On)TC

-2- 2

+ exp l**+ -i((oL - n C -EfI+'C O)T
T2  2T 2

(2)

In this expression we take T2=33 fsec instead of 65 fsec. There is some arbitrariness in
choosing the location of the modes. However all reasonable choices we consider lead to a
situation where we can make a fit to the data of either Figure 3 or 4 separately but not to

both simulaneously.
We have made p nts in our experimental setup in an effort to reconcile the

two experimental techniques. Our sample is now identical to the one used by Becker et al.
Previously, we had dissolved Nile Blue in ethanol and placed it in a 1mm thick sample
cell. Now, we are flowing Nile Blue dissolved in ethylene glycol through a .1mm dye jet.
This insures that the sample is not hole burned and that any discrepancies in dephasing due

to dye concentration or type of solvent are eliminated. Also, we have made improvements
in our data acquisition software which take into account fluctuations in the source intensity.

This helps us account for a fluctuating signal and also allows us to properly subtract off
backgrund geerated from the excitation pulses.

We have succeeded in making measurements of TDFWM at 4.5 degK and have
found that the response which was homogeneous when the 6200A source was used is now
inhomogeneous (Figure 7). A fit to the 2k2-kl direction is made using T2=13 fsec and

T20=15 fsec. This is the first time that inhomogeneous broadening has been detected in
Nile Blue. We attribute it to strains induced in the dye molecule by the freezing of the

solvent.

14
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U Figure 7: TDFWM in Nile Blue at 4 deg K in both the 2k2-kl and 2kl-k2 directions. Also
shown is a fit to the 2k2-kl direction with T2=13 fsec and T2"=15 fsec.

!C.
o ~Our TDFWM results in color filters, i.e., host glasses doped with small
[ semiconductor (CdSxSe..x) crystallites possessing large and fast third order nonlinearities

(10-8 esu), indicate that regardless of the optical density or the source T2 is approximately
30 fsec. The change in the TDFWM character we had observed in going to higher optical
density ( OD ) we have been able to attribute to modification of the source spectrum. We
now find that the low energy transitions azi inhoogeneously broadened while dhe higher

energy transitions are homogeneously broadened. A possible explanation for this effect3 maybe that the line width of the higher energy transitions in the microcrystafites are not as

sensitive to the mcorysl size variations as the lower energy transitions near the
emission edge of the microcrystallites. Perhaps this can be attributed to quantum
-fem t effects. We use the equations

-- h 2  1.8e 2

~~8JLa7 ea

3- where a, j, and e are respectively the radius of the microcrystallite, the reduced electron

hole mass, and the diele c constant of the xmcacrystallite. For an average value of a of3i50A and a distribution of particle sizes with a standard deviation of 25A9 we obtain a
distribution of energy shifts for the lowest energy optical transition with a standardU
S J. Warnock and D. Awshalon, Phys. Rev. B 32, 5529(1985).
9 N. F. Borrelli, D. W. Hall, H. J. Holland, and D. W. Smith, J. Appl. Phys. 61,
5399 (1987)



deviation of between 9.6 to 26.1 mev depending on whether the crystallites are pure CdS
or CdSe. This translates to a T2* lying between 69 and 25 fsec. Since the selenium

: fraction in the samples studied is greater than .64 we expect a value of T2* in the lower end

of this range and thus in agreement with our measuremets.
"his research was supported by the Joint Services Electronics Program and the Office

of Naval Research.

3. Two-photon Cooperative Cascade Superfluorescence

(D. DeBeer, X. Lu, S. R. Hartnmann)

We are in the early stages of a new experiment studying cascade superfluorescence.
This will be the first experiment to study superfluorescence to the ground state.
Superfluorescence is a type of superradiant phenomena. As described by Dicke I0

m s;peuradiance is cooperative spontaneous emission. An ensemble of atoms radiating
cooperatively radiate with intensity proportional to N2 where N is the number of
cooperating atoms. When not cooperating the radiating atoms radiate incoherently and the
resulting intensity is proportional to N.

Consider an ensemble of N two level systems which are initially incoherently
fnverted. They will initially fluoresce with an intensity proportional to N. If the ensemble

is dense it will exhibit gain and the u will be amplified to produce a coherence
within the system which manifests itself by the intensity becoming proportional to N2. The
first experiment in which one can observe this effect was performed by Feld etal. in
1973.11

The experiment we have started focusses on an aspect of superradiance which is
cascade superfluorescence. Consider a three-level atom which is initially two-photon
excited from the ground state, la>, to the upper excited state, Ic>. Then, under the
conditions appropriate for superfluorescence, coherent emission will build up on the Ic> -
Ib> and Ib> - Ia> transitions as we will describe. One difficulty in such an experiment is
ensuring that one in not simply observing parametric four-wave mixing. However, by
making the two-photon excitation short enough we can avoid that difficulty. In this case
we will see the following:

10 R. H. Dicke, Phys. Rev. 93, 99 (1954).
11 N. Skribanowitz, I. P. Herman, J. C. MacGillivray, M. S. Feld, Phys. Rev.
Let. 30, 309 (1973).
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5 1. No radiation will be observed on the cscade transitions simultaneously with the

presence of the two-photon excitation pulse.

3 2. All burst will be delayed from the two-photon excitation pulse.

3. At low excitation intensities, superfluorescence will only be seen on the upper3 transition, and it would only appear in the wrong (backward) dhrection.

4. As the excitation intensity increases, superfluorescence in the forward direction will
* begin to appear, and simultaneously with it, a superradiant burst on the lower uransi-

tin. (This assumes that superfluorescence in the backward direction is suppressed.)

In order to observe the buildup of the superfluorescence we must artificially narrow the

linewidth of sample. We ar working with Cs vapor. The gas is prepared by optically
*I  pumping the D-line transition in such a way that the mj=-l/2 level of the ground 6S 1/2 state

only contains atoms in a small velocity group. With the sample thus prepared, a short,
circularly polarized pulse of 5 ps duration at 8851.5,A is then applied which coherently
populates the myj-3l2 level of the 6D32 state via a two photon process. Superfluorescence
now develops on the 6DIz-6Pv2 transition. Neglecting depletion effects we would expect
to observe supernadiance in both the forward and backward directions. Since the excited

velocity group is narrow our expected T2* will be of the oder of or greater than the 30 ns
I lifetir-e of the 6PIjz state (the lifetime of the 6D33/2 state is 60 s and does not limit the

resose of the system) and thus the evolution of the superfluorescence can be followed.
As has been predicted by Okada et aLt2 the superfluorescence in the forward direction can
be inhibited below a certain inversion threshold in which case a superfluorescence burst

3 should only be seen in the backward direction. The observation of this superfluorescence
inhibition and its associated threshold is one of the major goals of these experiments.

* Beyond this threshold, superfluorescence should develop along the forward direction and
simultaneously with it a superradiant burst on the 6PI/-6SI/2 transition should appear,
also in the forward direction. The simultaneous observation of superfluorescence on both
cascading transitions is the central object of this experiment. Below the threshold
mentioned above a second superfluorescence mode can be activated because of dephasing3 effc with the result that a delayed superflucrescence burst will appear. By decreasing the

amount by which we narrow the resonance line in our-optical pumping scheme, we will be
* able to have a handle on this dephasing induced superfluorescence.

This research was supported by the Joint Services Electronics Program, the
National Science Foundation and the Army Research Office.

12 Jumpei Okada, Kensuke Ikeda, and Masahiro Matsuoka, Opt. Comm. 26,

I .189 (1978).
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4. Local Field Contribution To The Nonlinear Response
(R. Fricdberg, J. T. Manassah, S. R. Hartmann)

a. b
We have developed a general formalism that incorporates local-field corrections into

Bloch's equations and have used it to calculate the nonlinear strong-field susceptibility of a
pressure-broadened gas consisting of two-level atoms.

b. C=Md
We have found 13 that the nonlinear strong-field susceptibility of a pressure-

broadened gas consisting of two-level atoms can be written as

where p is the number density of gas atoms, ip =(p+ - P-.)ip is the fractional

population difference between the excted (indicated by +) and the ground (indicated by -)

states , P = ixp p2i/A, p is the transition dipole moment and, the bare atom resonance
frequency is wo~ , and the local field term is given for a j=O to j=1 transition by

O)L= (±-.22)0, the number 4/3 is the Lorentz factor14 and -.22 comes from

nonetubatvequantum effects1 5 . The quantity il is determined by

[1i) /I11 + ((co,-~ -O r) 2

wheR I)/Yl 72 isa normalized intensity

We note thatl.depends nonlinearly on the intensity!. For weak fields l = l and
the susceptibility x reduces to its normal form. For stronger fields q1 decreases. The effect
of the local field correction on Z can be summarized in the following manner. In the wings
of the resonance the reponse is shifted by the constant 0)L while at line center the shift is

13 R. Friedberg, S.R.Hartmann and J.T.Manassah, Phys. Rev. A40, 2446,
(1989)
14 H. A. Lorentz, Theoiy of Electrons (Dover, New York, 2nd ed., 1952)
sections 117-124 and Note 54
is R. Friedberg, S.R.Harumann and J.T.Manassah, Phys. Rpts. 7C. 101 (1973)
and references therein
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I only coL (1+ 1). At low intensities then the effect of the local field correction is to shift

the susceptibility by a constant amount while at high intensities the effect is to distort the

susceptibility near line center. These nonlinearities can lead to mirrorless bistability but

they require that OOL / 2 >1.
We have also calculated the susceptibility associated with a weak probe field in the

presence of a strong pump field. Here the effect of the local field correction on the probe3 susceptibility is similiar to its effect on the pump susceptibility except that at moderate
pump intensities there is a significant distortion of the probe susceptibility for the

component of the probe field which is 90 degrees out of phase with the pump field.

This research was supported by the Joint Services Electronics Program and the

3 Office of Naval Research.
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[ II. SOLID-STATE ELECTRONICS (MATERIALS AND PROCESSING)

I A. ELECTRONIC STATES AT METAL/SEMICONDUCTOR

INTERFACES

I Edward S. Yang, Principal Investigator (212) 854-5019

Research Area I, Work Unit 1

1. Fermi-level Movement in GaAs Bimetal Schottky Diodes

(IX Wu and E. S. Yang)

a. hnW
For ordinary Schottky diodes having a single metal in contact with the

semiconductor, the barrier height (BH) is fixed, i.e., its value is determined largely by the

IU cotact metal and the substrate semiconductr. Although some processing conditions could
affoct the BH to a certain extent,i most of them are not well-controlled. This forms a

challenge to the fabrication of MESFETs with desired threshold voltages. This problem

has been resolved by using a new kind of Schottky diode which has two different metal

ovedayers with one on top of the other. The inner metal layer is thin and in intimate contact

with the semiconductor. On top of this thin layer a thick metal overlayer is deposited. The

structure of the bimetal Schottky diode is shown in the inset of Figure 1. We use the

notation B/A/GaAs to describe the composition of the diode, where A represents the thin

inner metal and B denotes the top thick metal. The measured BH of such a device as a

function of metal A thickness is depicted in Figure 1. The two diodes are Pt/T/GaAs and
Ti/Pt/GaAs. As we see from the figure that with increasing thickness of metal A the

Schottky BH of the device varies from the value associated with the metal B to that

belonging to the metal A. This novel result shows us that controlling the Schottky BH in a

wide range is practical. With different inner layer thickness and a proper combination of

metals, we can virtually obtain any pre-specified BH value from the highest to the lowest

available on a continuous basis. In addition, it is also discovered that the transition of the

BH exhibits an exponential behavior extending over several monolayers of coverage.

These observations provide new information to the understanding of the Schottky barrier

formation.

This experiment raises a basic question on the Schottky barrier mechanism.

Namely, what is the role of metallic screening in determining the Fermi-level position at
metal-semiconductor interfaces. According to Mott-Jones' theory, the ideal screening

length of metal is typically 0.7 A.23 If that is true in Schottky diodes, the band bending

3 20



inside the metal would be trivial and we should not be able to see any BH variation beyond

d = 3 A. since a mmolayer of metal A would be thick enough to shield the effects of metal

B. However, our result is evidently against this expectation. For both diodes the BH

change continues even after 10 A. Based on the above discussion, we propose a model

invoing a finite mntl screening length, which well explains the experimno data.

o Ti/Pt/GaAs
0.95

0.90

0

~Pt/Ti/GoAs

0.80a)

0 10 20 30 40 50
Thickness of Metal A (Z)

Figure 1: Barrier heights versus the inner metal thickness for PtT'/GaAs and T"/Pt/GaAs

bimetal Schottky diodes. The dots and the circles are experimental data and the lines are

fitted curves. The inset illustats the strucmre of the device.
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~~b. MZQheol dll

'lb enery-lband diagamms of the bimetal Schottky diode are depicted in Figure 2.

IVcuum level- - __-

I 1
_LI E fA n n-GaAs

Ef8B I A E. - Metal A

Metal B

Metal CB edge - d (a)

Vacuum level

qXs

I
Kfermi level E

*Metal B8 Metal n G~

Metal CB edgerEv

X a xzd (b)

Figure 2: Energy-band diagram of the bimetal Schottky diode. The possible band

discontinuity between the two metals is ignored. (a) The system is not in equilibrium. (b)

After equilibrium is established, the metal band is bent by the contact potential, altering the

Weal Schottky barier height.
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We use the jellium model to describe the metals such that they are treated as continuous

media.4 In the upper part, the three materials are in contact but not yet in equilibrium. This

is represented by each part of the diode having its own Fermi level while the vacuum level

is flat. Because of the difference in work function, electron diffusion occurs until the

Fermi level in the system lines up. At equilibrium the vacuum level is no longer flat.

Rather, it is bent by the contact potentials due to charge transfer among the media (Figure

2b). The band bending, NV(x), inside the metal can be derived from the local net charge, -
qAn, through Poisson's equation. An represents the excess electrons at position x in the

metal, which in turn depends on V(x). If the electronic density of states at the Fermi level

is N/cm3 -eV and is approximately constant over the range of (the difference of the metal
work function *mB - 4mA), An can be written as N(AEf + qV), where AEf is the increase

of the Fermi level in eV. Since metal B is very thick (400 A) compared with the metal

screening length, the Fermi level at the far left of Figure 2b should not be affected by the

contact potential Taking the interface of B/A as x = 0 and N(-o) =0, we obtain

-q . x<O (1)

for metal B. Similarly, for metal A, we have

= . _0<x<d (2)
dx2  te A V

emA and emB are the lattice permittivities of the two metals respectively. These two

equations are joined at x = 0 by the requirement'%f continuity for the potential as well as the

electric field. The boundary condition at x = d, the A/GaAs interface, is

.A &I -d= + Q., (3)

where Qit and Qsc are the interface charge and the semiconductor space charge per unit

area, respectively. However, Qsc (-4 x 1011q/cm 2) turns out to be orders of magnitude

smaller than Qi (- 1013q/cm2 , see results below), therefore we can neglect Qsc in the

analysis. Solving Eqs. (1) and (2) with the boundary conditions, we find that the potential

drop at x=dis
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- mAL (A) S], (4)

[cosh(T4-J+ X sin(4 -]

where XA(X.B) is the effective screening length of metal A (B) which is defined as

X.4em/qN, and y a(S,/e_.)/(A/e,, ). Using Figure 2b, the BH can be

written as

b = mB-X- Vs(d). (5)

Here we did not include the image force lowering since it is small compared with b.

Thus, for a given thickness d, the BH of the diode can be calculated from Eqs. (4) and (5)

if X., ei for both metals and the interface charge Q are known. The permittivity, em,

desribes the polarizability of the atomic cores of the metal in response to an external

electric field. Since the electrons in the inner shell (core) are tightly bound, e in metal is

expected to be small compared with those of dielectrics. In most cases, em = eo is a good

approximation.3 The interface charge, Q, in Eq. (4) depends on the position of the Fermi

leveL Namely, it is a function of Vs(d):

Q- = Qo..qJo 0  DdE, (6)

where Ds is the density of interface states (cm-2 -eV-1) and the zero energy has been chosen

as the Fermi level when d = 0. For simplicity, the Fermi distribution function in the above

equation has been replaced by a step function. Qo = Vs()emB / X is the initial

interface charge in the absence of metal A. This accounts for Vs(O) in an ordinary B/GaAs

diode (see Eq. (5)). Combining Eqs. (4)-(6) together with the data in Figure 1, we have

solved for XA, XB and the density of states, Ds.

Eq. (4) as a function of d is specified by three parameters: XA, XB and Ds. If Ds is
constant, Qit becomes linearly proportional to Vs(d), i.e., Qjt = Qo-qDs[Vs(d)-4Is(0)]. For

d = 0, lvs--QoXB/WmB corresponding to the BH of B/GaAs. When d >> LA, s is given by

* + QtXA/emA, which corresponds to the BH of A/GaAs. For d between these two limits,

iVs varies exponentially from one limit to the other. The characteristic decay-length of 4o

depends on both XA and XB but not on Ds. Ds only affects the magnitude of this transition.

Further study shows that XA is more influential to the decay-length than XB. This is
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because ,B appears only in y. In fact, varying y from 0.2 to 5 has virtually no effect on
the shape of the resulting curve. Therefore, letting y = 1 as an initial choice allows us to

find XA without much error. Under this situation, V(d) reduces to a simple exponential

function of d/XA. This was indeed what we found in the Ti/PtjGaAs samples. Using work
functions of 5.65 eV and 4.33 eV for Pt and Ti, respectively, 5 and X = 4.07 eV for GaAs,
we obtained that the effective screening length of Pt is 6.5 A and Ds = 4.5 x 1013/cm2-eV
within the energy 0.78 eV < Ec-E < 0.97 eV. These values have been refined with the
actual value of .B for Ti (see below). The result is plotted in Figure 1. It fit, he
ex ntal data surprisingly well.

When Ds is non-uniform over the transition energy range, the natural exponential
relation will be deformed by the interface state distribution. This is the situation for the
Pt/TMGaAs samples. However, we can still estimate from Figure 1 that X for Ti is -7A.
Knowing X for Ti, we may calculate Qjt in terms of Vs(d) from Eq. (4). Then the density
of interface states, according to Eq. (6), is

Ds=- 1 dQit (7)q dWs

The result of the calculation is shown in Figure 3. In contrast to the Ti/Pt/GaAs sample,
we found a large density of interface states, up to 3.2 x 1014/cm2-eV at - 0.97 eV below

the conduction band in the Pt/Ti/GaAs diode. The resultant Fermi level pinning is seen as a
slow variation of the BH for the first 6 A of interfacial Ti.

C. DiLMuAo

From the forgoing analysis, we found that the effective screening lengths for both

metals differ sharply from the ideal values of Mott and Jones. Such a disagreement has
also emerged from an earlier experiment. Mead once measured the capacitance of a planar
capacitor as the dielectric spacing shrank toward zero.6 He found that X for Ta and Bi is
2.75 A and 5.5 A, respectively. These results, although obtained from a different

approach, are consistent with our observations. The physical reasons for observing a large

effective screening length are not yet clear. In order to examine the possible presence of

interdiffusion or island formation at the interface, an Auger signal profile vs the metal
coverage and a TEM structural analysis were carried out. The Auger profile revealed an
exponential decrease of both Ga and As signal with the increasing coverage of Ti (Figure 3
inset) indicating a uniform growth of Ti overlayer and no significant diffusion of the
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substrat species. The intrface morphology between t Pt and the Ti was found very
simnilar to the T'u As situaion. Thiese results were further confirmed in E

charactization where no island structure was observed. 7 The interfacial chemical

eacton, on the other hand, may creat inerface stes nevertheless cannot account for the

observed screening length since no bulk reaction was detected by Auger. It seems to us

that die propetie of the metal films formed by deposition are different from those of bulk

crystalline metals such as in the crystal structure and, hence, the free-electron density of
states In spite of the physical explanatior, the existing evidence shows that the ideal case

of metal screening does not apply to practical Schotty diodes. Therefore the actual

potential drop in the metal side of a GaAs Schottky contact should not be ignored. This

could very well be true for all Schotky diode-. A recent report has shown that Au and Al

on ZnSe have similar behavior.8 Finally, we would like to point out that the distributions

of interface states found for the PtIM/GaAs and Ti/Pt/GaAs samples are very different.

This suggests that interface states are metal-dependen, though at this stage we are not able
to identify the origin of these sm .

I 100 * Go

I~~ V-*As & I

101

0.82 0.84 0.86 0.88 0.90 0.92 0.94 0.962Energy Ec-E (eV)

Figure 3: Ile density of inteace states Ds obtained in Pt/Ti/GaAs sample. For

Ti/Pt/GaAs sample, a constant Ds = 4.5 x 1012/cm2-eV was found. Ile inset shows an

exponential attenuation of the Auger signal for Ga and As vs. Ti coverage and Ti vs. Pt

cove=as. They indicate a uniform grwth of metal overlayers and no intediffusion.
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B. NEW OPTICAL MATERIALS AND SOURCES
Irving P. Herman, Principal Investigator (212) 854-4950

Research Area I, Work Unit 2

3 The main objective of this JSEP work unit is to understand the optical, electronic,

and structural properties of H-VI semiconductor heterostructures and superlattices, using3 optical probing and pressure ning techniques. Another objective of this work unit is to
examine the effect of processing on compound semiconductors by using optical techniques.3 This research will help in the development of new optical and electronic technologies based

on thes semiconductor materials.

I 1. Optical Studies of H-VI Semiconductor Structures

We measured the near bandgap photoluminescence of ZnSe epilayers grown on

GaAs substrates for pressures up to -30 kbar using a diamond anvil cell at T = 9 K.
Specifically, we measured the bandgap changes with pressure, dE/dp, for pseudomorphic

and nonpseudomorphic films and compared these results with with those from similar
studies we conducted for bulk crystalline ZnSe. We also began the examination of

photoluminescence (PL) from ZnSejZnMnxSel.x superlattices. In these studies, we used
MBE grown films from R. Gunshor at Pudue University and from D. Cammack at Philips

Laboratories, who is a new collaborator for this JSEP effort. Our bulk crystalline ZnSe

samples were also obtained from Philips (M. Shone).
Commensurate growth of ZnSe on GaAs has been achieved previously for

thicknesses up to -0.15 pm.1-3 Elastic strain due to the lattice mismatch (0.25% at room
temperature) is accommodated until the critical thickness is obtained. For larger
thicknesses misfit dislocations lower the total energy of the system and incommensurate

growth ensues. Previous studies have demonstrated the relation of this strain to epilayer
thickness, with its concomitant effect on the density of misfit dislocations 2,4. Moreover,

photoluminescence (PL) studies have demonstrated the effect of this strain on band-edge

emission. 4 The presence of biaxial strain in very thin films is also expected to alter the

effect of applied hydrostatic pressure (p) on the band-edge photoluminescence relative to its

effect on the PL from bulk material. Previous reports have determined dE/dp, the change

in bandgap energy with pressure, to be in the range 6.0 - 7.5 meV/kbar for bulk ZnSe at

room temperature down to 77 K.7-9

Photoluminescence measurements were made during this year on 0. 1 and 2.1 ILm-
thick ZnSe epilayers grown on GaAs by MBE and on bulk ZnSe grown by zone melting.
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The "thin" epilayer was commensurately grown, while the "thick" layer was thicker than

the critical thickness for commensurate growth. Experiments were conducted at a

temperature of T = 9 K and at pressures up to -30 kbar. The GaAs substrate was initially

-300 pm thick, and was thinned down to -50 pm by mechanical polishing.

High pressure measurements were made in a gasketed Merrill-Bassett diamond

anvil cell (DAC) described in the previous JSEP progress repMrt,10 11 contained within a

closed cycle refrigerator (9 K). The ZnSe sample was loaded with ruby chips in a liquid

argon bath within the DAC to obtain near-hydrostatic pressure conditions at low
-11 11 r.1 2 ZnSe and ruby photoluminescence were excited using the 4067 A line from

a rypton ion laser, and were detected using a 0.85 m double spectrometer and a cooled

PMT. Photon counting electronics were interfaced to an IBM AT for A/D data conversion,

storage, and analysis.

The pressure in the DAC was determined using the calibration scale for ruby
f vs. pressure. 13 This was in turn calibrated using the 6929.468 A line from a

neon discharge lamp, together with the 6965.430 A line from an argon lamp. The pressure

detemimation is accurate to < 0.15 kbar, and energy measurements for the ZnSe

photoluminecence we accurate to < 0.6 meV. The resultant uncertainty in the values of

dE/dp is less than 021 meVikbar.
Near band-edge PL spectra are shown for the three samples at ambient pressure

(I bar)andT=9K, asthelower spectra in each ofthe threeparts of Figure 1. Forthe
bulk crystalline sample in Fig. la, the dominant feature at 2.7973 eV (120) is associated

with a neutral bound donor exciton, attributed to either an In or Ga impurity. A neutral

bound acceptor accounts for the exciton feature at 2.7924 eV (i,). The feature at

2.7829 eV (I1DEEP) is due to a deep level acceptor, commonly attributed to Cu. The
phonon replica, IIDEEP-LO, is found 31.6 meV lower in energy than IIDEEP. Finally, the

two weak features higher in energy than 120, are due to the excited state (n=2) of a donor

bound exciton at 2.8014 eV (I=) and the fiee exciton transition at 2.8039 eV (FE).

Identification of the PL peaks is less certain for the epilayers. For the "thick" film

in Fig. lb, the ambient pressure peak at 2.8009 eV (FE) is attributed to the ground state

free exciton peak. The red shift from the bulk value may be due to a slight tensile strain. 3

The peak at 2.7958 eV (120 ) is associated with an exciton bound to a neutral donor and the

peak at 2.7728 meV (I) is as yet unidentified. For the "thin" film in Fig. Ic, one large

peak is obtained. This corresponds to the ground state free exciton transition with energy

2.8055 eV (FE). The blue shift from the bulk value corresponds to an in-plane

coipresiw strain due to a lattice mismatch at 9 K of -0.23%. A very small peak is found

near 2.7998 eV (I;), which is usually attributed to a neutral bound exciton.
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The photoluminescence was monitored with increasing pressure for all three

samples. A representative plot for each sample at a higher pressure is provided by the
upper spectra in the three parts of Figure 1. For the "thick" epilayer, the I20 peak intensity

decreases with increasing pressure and disappears altogether at approximately 16 kbar. At

approximately the same pressure, a new feature begins to grow at 2.9170 eV, which is

6.4 meV higher in energy than the FE peak. As pressure is increased the exciton energies
120. IIDEEP, and IIDEEP.LO are monitored for bulk ZnSe, the FE, 120C1,Ga, and r peaks

am monitored for the "thick" sample, and the free exciton transition (FE) is monitored for
the "thin" sample. The resultant plots of energy vs. pressure are shown in Figure 2. Least
square lines are plotted for these data, yielding values for dE/dp. For bulk crystalline
ZnSe, a value of dE/dp = 6.45 ± 0.12 meV/kbar is obtained for the dominant 120 peak, with

dE/dp = 6.59 ± 0.12 meV/kbar for IiDEEP and 6.58 ± 0.15 meV/kbar for I1DEEP-LO. For

the "thick" sample, dEldp = 6.50 ± 0.13 meV/kbar for the dominant free exciton (FE) peak,
6.54 ± 0.13 moV/kbar for 120, and 6.67 ± 0.15 meV/kbar for r. For the "thin" sample,

dE/dp = 6.48 ± 0.21 meV/kbar (FE).
The effect of hydrostatic and uniaxial pressure on a semiconductor is to shift the

conduction and valence band edges by changing the volume and crystal symmetry. For

ZnSe with its direct bandgap at ri, the conduction band is only subject to hydrostatic

components of strain. However, in addition to the effect of hydrostatic strain on shifting
the valence bands (l's), tetragonal distortion splits the degeneracy of the four-fold P3/2
multiplet into heavy hole (hh: J = 3/2; m, =± 3/2) and light hole (lh: J = 3/2; mj = ± 1/2)

bands. The effect of biaxial stress due to lattice mismath may therefore be separated into

hydrostatic and nonhydrostatic components,14.15 which when considered together with

externally applied hydrostatic pressure may be shown to affect energy bandgap shifts,

according to:

(a3-pv [2(a. -av)(1 -1 b(1 +- -F)]J_~(Tp

C I + 2C 12 
+  -CC11

[1]

The first term is the hydrostatic pressure component, while the first component of the

second term is due to the hydrostatic portion of the strain and the second component is due

to teragonal deformation, with - for heavy holes and + for light holes. Spin-orbit splitting

has been included in the overall bandgap term. Here, ac and a, are the hydrostatic

defnmtion potentials for the conduction and valence bands respectively, b is the uniaxial

deformation potential for a strain of tetragonal symmetry, and CI1 and C12 are elastic
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constants for ZnSe. The strain exxS C(Tp) is evaluated for a given temperature and

pressure and has the form.

3eTpaXl(T~IPO (- CTi +2Q2 - [2]
C 11 + 2C 1 2j

where ax(T,po) is the lattice constant for ZnSe at temperature T and ambient pressure (Po =

1 bar), and the primed quantities correspond to the respective parameters for GaAs.
The resultant shift in bandgap energy with pressure for a strained layer may be

rehtpd to (dF/dp)bu =- (3(ac - av)/(Cl1 +2C12)) for bulk material by:

= dE E)

-L2(ac- Z-1) b+ C17"J ax(TpN) l~j + 2C1 2 -C1 1 + 2C1 2 ][3]

The variation of the exciton binding energy with applied hydrostatic pressure is not

signifiat here.
The values for dE/dp may be evaluated using C11 = 929 kbar, C12 = 562 kbar,

CA1 
= 1221 kbar, C2 - 566 kbar,16,17 ax(298 Kp 0 ) = 5.6676 A, and ax(298 Kp 0 ) =

5.6533 A 5-17. The elastic constants are for T = 77 K For 9 K, the elastic constants are

estimated to be 940, 570, 1234, and 577 kbar, respectively, extrapolating from the

constants at 77 and 300 K by using an exponential fit. A wide range of deformation
potential values are reported in the litrature. The theoretical values (ac - av) = -4.17 eV

and b = - 1.20 eV(3 ,18) can be used as reference parameters. Then the expected values of

dF/dp ar 6.09 meV/kbar for bulk crystalline ZnSe, and 6.05 and 5.72 meV/kbar for the hh

and lh bands for strained layer ZnSe on GaAs, using the elastic constants at 77 IL At 9 K,

the respective values are 6.01, 5.98, and 5.65 meV/kbar. Using the previously determined

expermental values6 as a second reference, (ac - av) = - 4.87 eV and b = -1.05 eV, then

the three expected values for dE/dp are 7.11, 7.02, and 6.73 meV/kbar, respectively at 77
K, and 7.02, 6.93, and 6.64 meV/kbar at 9 K. The value of (ac - av) determined here is -

4.47 eV, using dF/dp measured for the 120 peak in bulk crystalline ZnSe and using the

elastic constants estimated for 9 K.
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The heavy hole band is higher in energy than the light hole band for compressed
films, while for films under tensile stress the light hole band is higher. However, since

dE/dp for hh is greater than that for lh, increasing the pressure will cause the bands to

cross. Thus films initially under compressive stress, such as "thin" ZnSe films, will

become tensile beyond some pressure, and the value of dFdp will change from the hh to
the lI value. The "thick" films, on the other hand, are always either relaxed or under

tensile sess, and will therefore follow the lI value throughout.
Low te a (9 K) will affect the film strain and the relative energies of the

valence bands. Specifically, for ZnSe films on GaAs, a temperature decrease relaxes the
c -ve strain due to lattice mismatch, since the thermal expansion coefficient for ZnSe

is larger than that for GaAs. 15 Nonetheless, the "thin" films here remain compressively
strained even at low temperature for p 5 34 kbar, so that the heavy hole band will therefore

always be at the higher energy. Hence, the model suggests that dE/dp for the "thin" film

hh excitons and for excitoms in the bulk should be within 0.1 meV/kbar of each other.

Within expermetal uncertainty, this is seen here. The "thick" ZnSe films, however, are

always under tensile stress, since it is assumed that the compressive strain has been

completely relaxed at room temperature. As a result, dE/dp for these films is expected to be

the lh value which, according to the model, is -0.3-0.4 meV/kbar lower than the bulk and

"thin" film values. This is in contrast to the reported measurements.
Representative PL traces for the ZnSe/ZnMnxSel-x pressure tuning studies

conducted this year are given in Fig. 3, along with a preliminary determination of dE/dp,

shown in Fig. 4. Note that the width of the PL spectrum decreases with increasing

pressure.

We also designed a new diamond anvil cell this year, using the cell in ref. 19 as a

model, which should permit operation at even higher pressures within the cryostat than is

currently possible with the Merrill-Bassett cell. Moreover, use of this new DAC will

enable us to tune pressure while the cell is in the cryostat, which is not possible with our

current system. Two of these new cells have been consuucted and they will be tested and

used in the upcoming reporting period.

2. Optical Studies of Compound Semiconductors after Processing

Raman microprobe scattering was used to probe GaAs surfaces after local laser

doping by Zn. Figure 5c shows a typical Raman spectrum, along with reference samples

shown in Fig. 5a and b. Of particular interest is the fine lateral resolution achievable with

this microprobe, which is demonstrated in Fig. 6 and shows that the width of the doped
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region is - 2 gm. (The Raman probing part of this work was done in I. Herman's

lboratory and wu JSEP-suppored. Th laser doping part of this work was performed in

R. Osgood's l6ratory with non-JSEP support.)
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I
C. ULTRAVIOLET LASER INDUCED ELECTRON AND ION

EMISSION FROM SEMICONDUCTORS

Richard M. Osgood, Jr., Principal Investigator (212) 854-4462

i Research Area I, Work Unit 3

1. Photoemissive Scanning Microscopy of Doped Regions on

I Semiconductor Surfaces

(B. Quiniou, R. Scarmozzino, Z. Wu, and R. M. Osgood, Jr.)U
Photoemission from semiconductor surfaces has been extensively used to determine3 the energy levels in semiconductor materials,1 and their bulk material properties such as

doping.2,3 Photoemission from metal conductors in integrated circuits has recently been

used as a microscopic probe of circuit performance. 4 Here we describe the first use of

photoemission scanning spectroscopy to map the doping and surface properties of

semiconductors. A focused UV (ultraviolet) laser beam is scanned across a patterned

semiconductor, and differences in surface properties such as doping or oxide/metal

deposits are observed as differences in emitted photocurrent. Although the technique is

applied to silicon, it has direct applicability to mapping of doped regions in compound

semiconductors as well.3 This technique has several potential advantages over other possible methods for

mapping out microscopic surface properties. For instance, micro-SIMS (secondary ion

mass spectroscopy) has an excellent spatial resolution but it is a destructive technique

which must be used in ultrahigh vacuum. When implemented in a practical system, our

technique can provide an in sitm probe of doping levels or doping patterns in a

semiconductor wafer, with a spatial resolution of a few wavelengths of the probing beam.
The experimental apparatus consists of a cryopumped stainless steel vacuum chamber
which maintains the sample and collector at a pressure of 10-8 to 10-6 Torr. The collection

arrangement is shown in Figure 1.1 The laser wavelength used for most experiments was 257 nm (4.82 eV) and is

obtained from an argon-ion laser using an intracavity frequency doubler. The laser beam is5 translated by a set of X-Y stages with 0.1 -grm resolution, and is focused by a 16X UV
transmitting microscope objective to a spot size of about 1.7 gim full-width-at-half-

maximum. The samples used were strongly doped (100) p-type silicon (1020 cm-3), and

weakly doped (100) p-type silicon (1014 cm-3) patterned with 25 -1i lines of p+ (1018 -

1019 cm-3) or n+ (1019 .1020 cm"3) regions. Because near-threshold photoemission is

known to be very sensitive to surface conditions, several different surface preparations
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w= tested. Note that it is not necessary to remove the native oxide prior to loading the

samples.

Experimental Setup

257- nm Loser Cletr

IChoppe r  "  Lock-in Char t

qkAmplifier Recorder

Va Sample

Figure 1. The collection a'rngement for the detection of photocurrent. Inset: Typical plot
of photocurrent versus laser power for a weakly doped p-type sample.

Our photon energy of 4.82 eV is slightly below the published photoelectric

threshold for lightly doped bare Si (100) (5.11 eV).5 Despite this energy deficiency,

photoemission was seen for samples of all doping levels. A measurement of the

photoelectric current was seen for samples of aU doping levels. A measurement of the

photoelectric curent versus laser power exhibited a linear dependence, which is consistent

with a single-photon photoemission process. The linear power dependence also indicates

that space-charge effects are not limiting the photocurrent.

The absolute yield for the weakly doped p-type silicon with the native oxide layer
was of the order of 10-7 electrons/photon, higher than would be expected from the data in

[5], paricularly when one realizes that the surface is covered with the thin layer of native

oxide. This magnitude of yield was routinely obtained on silicon surfaces prepared with

the simple degreasing procedum We believe the larger-than-expected yield to be the result
of adsorbed gases (possibly water vapor), which are known to affect the work function of

a. surface considerably. 6 Consistent with this is our observation that the yield on the
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chemicaily inot, hyoen-panivated surface was significantly less. Thus, despite the fact

tat our fa e far rom bha adequate yieds of photoelectrons can be obtained.

Figure 2 shows a typical trace of the photoc versus time for a stationary laser

spot on the weakly doped p-type silicon region. Figure 3 shows plots of photocurrent
versus time obtained while scanning the beam across the p+ on p and nt on p samples.
The s-rongly doped regions give a higher signal than the weakly doped regions, and are
dceay evken in the figu. The measured widths of the doped regions are- 26- 31 pm,
in agreement with the patrned widths (these numbers differ from 25 pm due to the tilt of

the samples). The signal peaks at the edges of the line are superficially similar to edge
effects seen in other optical studies. T effect could be due to crystallographic-sensitive

emission, electromagnetic-field edge enhancement, or doping gradient effects. In
pticMar, since the highly doped lines are normally rPcessed about 400 - 800 A due to the

fi= procedure, diferent crystallographic planes might be exposed at the edge of the
line. The Si (100) surface, which was the surface we used, has the largest photoemission

thold(5.11 eV for the (100) surface,4.73 eV for (110) and 4.60 eV for (111) 5 and the

exposu!e of surfaces other than (100), due to the recessing, could give a larger signal than

for the purely (100) surface in the center of the doped region. The same recess

discontinuity could cause an enhanced electromagnetic field at the edge due to surface
roughness. To gain some insight into the mechanism of edge enhancement, grooves of

similar width were etched to depths of- 300 A on a p-type substrate. No photoemission

enhancement was seen at the edges of the grooves. This result appears to rule out the

enhancement due to crystallographic or optical c field effects. We tentatively

I _ /
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h. 
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0 L ... -3 Time (50 sec/div)

Figue 2. Photocurrent versus dm for stationary illumination. Sample: weakly doped p-

Stype sicon3
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Figure 3. Phocurrent versus tm while scanning the laser beam 4 lpm/sec. Samples:
(a) p+ on p. (b) n on p.

ascribe the edge effect to the doping gradient, most probably associated with its built-in

stanc internal field.

On a freshly cleaved Si (111) surface, the doping dependence of photoemission

yield has been observed and explained by Gobeli and Allen.2,3 In that work they measured

the apparent threshold for photoemnission versus bulk doping and found that the threshold

is highest for weakly doped p-type samples, while for strongly doped p or n-type samples

the threshold is reduced by 0.35 - 0.40 eV. For p-type material this doping dependence

arises from the upward bending of the valence band relative to the surface, which for high

doping occurs within the penetration depth of the photon and the escape depth for

electrons, and therefore reduces the emission threshold of electrons emitted from the bulk.

For n-type material, the bands bend in the opposite direction and the threshold for emission

from the valence band in the bulk is increased, thus one would expect a decrease in the

yield. However, surface states lying just below the conduction band will move below the
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Fermi level and become occupied, and increased yield will result due to emission from

these states. As the n-type doping is increased even further, the conduction band in the

bulk will move below the Fermi level, and a lower threshold will result from emission from

the conduction band.

In contrast, our samples, Si (100) surfaces, are not ideal since they are covered

with a thin layer of natural oxide. Further, due to our sample cleaning procedure our

sample surface is covered with -OH groups. It is probable that these -OH groups lower the

photoelectric threshold (5.11 eV) for Si (100) surface so that we still observe

photoemission even though our photon energy is only 4.82 eV. The presence of the oxide

on the Si surface drastically changes the Si/SiO2 interface electonic states, as well as the

band bending.7 However, using arguments similar to those used for cleaved surfaces, one

can still show that the photoemission yield is higher for n+ and p+ type than for weakly

doped n or p type, in agreement with our observations. Note that the known thickness of

such native oxides is less than the escape depth of the electrons, thus permitting emission

from the nmerial beneath the oxide layer.

In conclusion, we have demonstated that photoemission induced by a focused UV

laser beam can be used to map doping patterns on a semiconductor surface. We have

shown that even though the photon energy is slightly below the bulk emission threshold,

differences in photoemission yield from different doping regions are still clearly

observable. The spatial resolution was limited only by the width of the focus UV probing

beam, to be - 1 - 2 im for our optics; more attention to the optical train and processing can

yield submicrometer values. This probing technique is shown to be applicable to Si

samples covered with a natural oxide layer, therefore it has the potential of being a

practically useful tool to probe semiconductor surfaces. The technique can potentially be

extended to observing other surface sensitive properties such as defects or surface

roughness.

This research was supported by the Joint Services Electronics Program; the laser

scanning instrumentation was funded by SRC.
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2. UV Laser Photoemlssion Studies of Compound Semiconductor

Surfaces
(B. Quiniou, R. M. Osgood, Jr., and Z. Wu)

Ua. kt~k
One photon photoemissioc spectroscopy has proved to be an extremely valuable

technique for investigating electronic smictures of materials and especially semiconductr.

However, this technique does not allow the probing of states with an energy laying

I between the Fermi energy and the vacuum level, and therefore normally unoccupied.

These states happen to play very important roles or are directly involved in chemical and

3 physical processes at surfaces such as molecular/atomic adsorption and Fermi level pinning

in electronic devices.

Although there are several different spectroscopic techniques which allow direct

zprobing of these states including inverse photoemission, negative electron affinity and

partial yield spectroscopies, two photon photoemission spectroscopy, based on laser

sources, recently appeared as most interesting in terms of energy resolution, suriace

sensitivity and has also benefitted from the long developed one photon photoemission

3as~i spectroscopy. In this technique an electron is ejected by a first photon from an initial state

to an intermediate state, then to a final state by a second photon.3 We have recently proposed to use two-photon photoelectron spectroscopy to study

semiconductor surfaces and their interfaces with thei respectve insulators. Our goal is to

extract the relevant concepts associated with surface and intra electronic phenomena and

to gain a working knowledge of these phenomena, for which there is a real need.

The following is a brief description of our experimental set-up and a report of our

progress.

4
I
I
I

* 43



A ir Py ieplese of ou ar epriml, se-up is shown below.

EERIMENTAL SET-UP

Excimerloserchamloee

I~cton IoputtErE

detectio

_box

ExcimerCia loe yeloe

000emooul
v -4 esstnc

B-r Sapl Ie

Frequenc
4ouble



Tunable, pulsed excitation laser radiation is provided by the firequency-doubled

output of a dye laser pumped by an excimer laser. Using several sets of dyes the photon

energy is tunable from the far infrar d to the ultraviolet ranges. The pulses are typically 20
nanoseconds long and can carry 0.1 joules in energy.

The sample sits on a rotatable rod in a vacuum chamber with base pressure less than

10-10 Torr. The rotation of the rod as well as the loading of the sample are made possible,

without any venting of the chamber, by a three stage differential pumping unit. The
analyzer/detector box is also attached to a rotatable flange. Prior to being studied the

sample can be cleaned by repeated cycles of argon ion sputtering and high-temperature

annealing. Te chemical composition and the atomic structure at the surface of the sample

ae moniued by Auger spectroscopy (AES) and low energy electron diffraction (LEED).

The weakly focused laser beam impinges on to the sample at an incidence angle of

45. The photoelectrons emitted are collected by the analyzer within a solid angle of less

than 0.002 steradians. When necessary the electrons can be focused on to the analyzer

entrance slit by an electrostatic Einzel lens. The analyzer is operated in a constant

transmission energy mode, typically 40 electron-volts. The electrons are either accelerated

or deccelerated to the transmission energy. The energy resolution is constant and equals

0.4% of the transmission energy, i.e., 150 meV.

The analyzed electrons, at the transmission energy, are then multiplied by a pair of

mi hannel plates (MCP) in a chevron configuration. This configuration ensures a high

gain of about one million, a reduced noise as well as a high saturation level, which is

desirable in our pulsed light experiment. Once multiplied by the microchannel plates the

electrons are collected by a metallic end-plate collector.

These charges, Q, are analyzed by the following electronics:

Digital Micro
Charge preamplifier scope computer

from the0
detector

to the
analyzer

Electron energy
analyzer
power unit
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A charge preamplifier transforms the roughly 20 nanoseconds long packet

containing the Q charges into a voltage which has a peak directly proportional to Q (0.3

volts per picocolomb) and then decays on a millisecond scale. A fast digital scope with

internal data processing capabilities captures the signal from the preamplifier, digitizes it

and transmits the relevant information to the memory of a microcomputer via an interface

bus. The microcomputer also controls the digital scope and the electron analyzer power

unit which implements the potential differences to be maintained between the different parts

of the analyzer.

b. R=AM

Our initial experiments with the above apparatus were designed to test the

sensitivity of the detection system and the control of the dye and pump laser beams. To do

this we used a sample of polycrystalline aluminum, a material having the relatively low

work function of -4.1 eV. We irradiated this sample with 43 eV from the doubled-dye

lIner at an intensity of about I MW/cm2 and measured the energy of the photoelectrons.
Photoelectms were easily seen, and a measurement of the electron energy distribution

showed a featmure originating from a simple, single-photon emission as well as a feature at

hi electron energies which we believe originates from a two-photon process.

The second set of "calibration' experiments involved Si (111). This material has a

carefidly studied band structuxe and a clearly delineated method of surface preparation. In

addition, Steinmaun et. aLI and Moison and Bensoussan2 have made some previous

studies of its near threshold-photon emission using various laser sources. Finally, the

yield fiom Si is expected to be low so that the sensitivity of our spectrometer could be

ted under nn rigourous conditions than for AL
In this experiment, we used low B-doped (111) oriented material. Since we

irradiated it with 4.03 eV light, well below its threshold photon energy of 5.1 eV, the

photoemission process involved two-photon emission. A plot of the integrated electron

number versus laser intensity is shown in Figure 1. The results show that at low energies

(or intensities) photoemission varies linearly with the light intensity. This result may

appear unexpected for a two-photon process which might be expected to proceed as the

square of the laser intensity, however, it can be shown that it is, in fact, in accord with a

sequential two-photon process in which one of the steps has a much larger cross section

than the other. At higher intensities in Fig. 1, the linearity is lost at which point space

charge limit emission occurs. At still higher energies (inset), linearity is again regained.

We believe based on previous experiments, that the space-charge limitation is broken by the

onset of positive ions. A major goal of this JSEP project is to understand the effect of
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surface poep i an emission of positive ions. This detmination will be undertaken in

the -z several months-
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Figure 1. Integrated number of emitted electrons versus laser intensities.

A second experiment which we have begun is to investigate the evolution of space-

charge broadening in the electron energy distribution. The experimentally obtained electron

distributions are shown in Figure 2 for three different irradiation intensities. (9 = 00, 308

nM, Si (111)). The results show that as the electron density increases above the surface,

electron-electron collisions broaden the electron distribution and increase the maximum

electron kinetic energy. We are analyzing this data and attempting to develop a theoretical
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igure 2. Normalized electron energy distribution curves for different laser intensities.
Note the shift in peak energies between different curves, due to a change in contact

C.

Our current research plan is to first demonstrate good control over semiconductor

sraequality, and then begin investigation of two-photon photoemission in compound

mlan insulato -'miwoductor interfaces...

This research was supported by the Joint Services Electronics Program and the

=tton funded in part by the ARO and by an instrumentation grant from AFOSR.
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D. GENERATION AND DYNAMIC PROPERTIES OF METASTABLE
SPECIES FOR QUANTUM ELECTRONICS AND LASER

MICROPROCESSING

George Flynn, Principal Investigator (212) 854-4162

Research Area II, Work Unit 4

1 Diode Laser Probing Of CO2 Vibrational Excitation

Produced by Collisions with High Energy Electrons
from 193nm Excimer Laser Photolysis of Iodine

(Arthur S. Hewitt, Lei Zhu, and George W. Flynn)

The elucidation of electron-molecule interactions is of fundamental importance in

the chemistry and physics of electron-rich environments such as plasmas, discharges, gas
discharge lasers, the upper atmosphere, and planetary atmospheres. There have been many
studies of direct electron-molecule inelastic scattering as well as of the formation of
temporary negative ion states.1-3 The typical electron scattering experiment consists of

energy selected electrons from an electron gun which collide with a molecular beam. The
scattered electrons are detected with a rotatable energy analyzer. The energy resolution of

these experiments has been limited to -11.5 meV (-93 cm'l). As a result, the state-
selective investigation of molecular rotational excitation by electrons is only possible for

4-7electron-HP/2 scattering.

The use of narrow bandwidth lasers to produce monoenergetic electrons and to

probe the excited species following electron-molecule interaction holds much promise for
providing new insights into electron collisions with diatomic and small polyatomic

molecules. By varying the pump laser wavelength and the electron precursor, resonances
in electron-molecule scattering can be observed.1 Bergmann, et al. have recently used
laser-induced fluorescence to probe rotational excitation in sodium dimers friom the impact

of 150-300 eV electrons produced from an electron gun.8'9 Diode laser absorption
spectroscopy, a super high resolution technique,10' 11 allows the vibrational, rotational, and

translational energy of molecules excited by direct electron scattering or produced by decay

of temporary negative ion states to be determined.
Due to its importance in CO2 lasers, electron-CO2 scattering has been studied in

considerable detail by electron energy loss techniques. Each of the fundamental vibrational
modes is excited at threshold (i.e., when the translational energy of the electron matches the
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vibrational frequency) with a cross section of -1 A2.12.1 3 Direct inelastic scattering 13.14

and the influence of a virtual state1 5"18 are found to contribute to the vibrational excitation
of CO2 . However, electron energy loss techniques are not able to resolve various

vibrational modes of CO2 . In this report, the first high resolution (0.0003 cm 1) studies of

electron-CO2 scattering are described. Hot electrons, e-*, are produced by 12 multiphoton

ionization (MPl) at 193 nm:

12 + nhv(193 nm) -+ I2+ + e* (1)

Vibrationally excited CO2 molecules are then produced by inelastic scattering.

+ C0 2(0000;J',V') -+ e- + CO2(mnpJ,V) (2)

where m, n, and p are the number of quanta of symmetric stretching, bending, and

antisymmetric stretching motion; J and I are the rotational and vibrational angular
n quantum numbers; and V is the velocity of the CO2 molecule. Time-resolved

diode laser absorption spectroscopy is then used to monitor the nascent excited ro-

vibrational states populated in the scattering process:

C0 2(mni pJ,V) + hv(-4.3jLm) -4 C0 2 (mn'p+lJ-1,V) (3)

In addition, time-resolved laser 'oppler spectroscopy" is employed to determine the
translational recoil of the CO2 molecules following a collision. The rotational distribution,

transient linewidths, power dependence, and the ratio of the number of vibrationally excited

molecules to the number of photons initially absorbed are determined for excitation of the
C0 2 (0001) antisymmetric stretching state. Preliminary studies of vibrational excitation into

the 0002, 1000, 0200, and 0220 levels of CO2 as well as the v-1 level of CO are also

discussed here. Electron-CO inelastic scattering is studied with time-resolved diode laser

absorption spectroscopy by monitoring transitions of the type:

CO(v=I;J,V) + hv(-4.7t m) -+ CO(v=2;J-1,V) (4)
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b. nF. ra1
The experimental apparatus has been described in detail elsewhere, 19,20 and only a

brief summary will be given here. 193 nm pulses from an ArF excixner laser are propagated
down a 2.76m sample cell which contains a 1/10 mixture of I2/CO2 or I2/CO at a total

pressure of 27.5 mTorr. Tunable cw radiation from a diode laser at -4.3 gm (to probe
CO2 ) or -4.7 pm (to probe CO) is collinearly propagated through the cell with the excimer

beam. The diode laser is tuned to various ro-vibrational transitions in CO2 or CO. Time-

resolved changes in the transmitted IR intensity are measured with an InSb detector. The

signals are digitized and averaged on a digital oscilloscope and sent to a computer for

storage and later analysis. The diode laser modulation, excimer laser firing sequence, and

data aquisition are controlled by a PC. For transient linewidth measurements, the diode
laser is modulated at -250 Hz over several linewidths of a specific CO2 absorption line.

The Doppler lineshape is determined by firing the excimer laser at different delay times with

respect to the start of the modulation cycle. A Fabry-Perot etalon with a free spectral range

of 0.0097 cm"1 is used for frequency calibration.

The size of the signals is found to decrease as a function of the number of excimer

laser shots due to the build-up of photoproducts on the cell windows and due to the loss of

h- In order to make accurate relative measurements, an "indicator" line is employed to

correct for all these factors. Transient absorption signals are also observed when the diode

laser is tuned off-resonance due to thermal lensing and/or schlieren effects. The off-

resonance signals are decreased in amplitude relative to the on-resonance signals by using
gas mixtures with a low 2 mole fraction and by careful alignment of the excimer and diode

lasers. After realigning the laser beams, if the off-resonance signal is more than 5% of the

on-resonance signal, then the off-resonance signal is subtracted from the on-resonance

signal.
A capacitance manometer (range: 0-1 Torr) monitors the gas pressure in the sample

cell. The C02 (Matheson, 99.8%) is freeze-pump-thawed at liquid nitrogen temperatures
before preparing a CO2 bulb. The 12 crystals (Aldrich, 99.999%) are placed in a gas bulb

which is pumped on for several hours before use. 1/10 mixtures of 12/C0 2 are made by

consecutively flowing each gas into the sample cell. Before filling the cell with an I2/CO 2

gas mixture, the cell is ",vasoned with -200 mTorr of 12 for an hour (the 12 gas pressure

decreases substantially with time when put into a clean cell due to adsorption on the cell

walls).
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(c.1) C0 2 (000 1) Antisymmetric Stretch Excitation i

A typical time-resolved signal observed while monitoring a specific rotational state
of the 0001 antisymmetric stretching mode of CO2 is shown in Figure 1. The observed

signal exhibits a detector-limited (-700 ns) fast rise corresponding to the direct excitation of
CO2 (0d1,J) followed by slow decay due to diffusion of the excited CO2 molecules out of

the diode laser beam path. To obtain the relative nascent rotational distribution of the 0001
state of CO2 shown in Figure 2, the fast rise amplitudes are normalized by the excimer and 1
diode laser powers and the fast rise amplitude of the "indicator" line. It is clear from Figure

2 that an approximately room temperature (T=316 K) Boltzmann distribution fits the 5
observed rotational distribution well. The nascent transient linewidths of several
CO2(00 0 1,J) -+ CO2(00 02J-1) transitions are measured following vibrational excitation.

The observed linewidths correspond to room temperature Doppler linewidths (Figure 3).
The dependence of the C0 2 (000 1) transient absorption signals on excimer laser

power is determined by varying the amount of 12 gas in a 30 cm glass cell placed in the

excimer beam path. The excimer laser power dependence of the C0 2 (000 1) transient

absorption signal is found to be n=2.4±0.5 for excimer fluences from 2-20 mJ cm 2 , where I
the fast rise amplitude is proportional to the excimer intensity to the nth power (Signal
p~roional to In). The ratio of the number of excited C0 2(000 1) molecules to the number

of photons absorbed is determined from diode laser and excimer absorption measurements

and is found to be 3.8±1.1x10"2.

(c.2) CO 2 Symmetric Stretch and Bend Excitation 3
In addition to vibrational excitation of the antisymmetric stretching mode of CO2 ,

vibrational excitation is also observed for 1000, 0200, 0220. "00 and "0200 ' are

respectively the upper level (1388 cm "1 ) and the lower(1285.5 cm "1 ) levels of the Fermi

dyad. The 0220 vibrational state is a "pure" bending mode. Time-resolved signals observed

while monitoring specific rotational states of the 1000, 0200, and 0220 vibrational modes of
CO2 are shown in Figure 4. It is found that there is much more excitation into the "1000"'

upper level than into the "0200' lower level. The relative excitation cross section between 3
the upper and lower Fermi mixed levels is determined to be 7 2

1000/y20200---9±4. This

is a very surprising result since the vibrational wavefunctions for these states are almost 3
identical due to the Fermi resonance. The excitation cross sections for 1000 and 0220
relative to 0001 are found to be 7 2 1 0 0 0 /7CO 2

0 0 0 1 =0.7±0.3 and 3
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z220=20001o0(.3::O.4 respectively. The relative excitalion cross section dam for the3 00019 1000, 0200, and 0220 vibradonal states of CO2, as well as the v-1 vibrational state

of CO, are presented in Table L Preliminary measurements suggest that the rotational and
alatonal e res for all these vibrational states of CO2 are -300 K.

3 On-Resonance

. ... . . . ........ S.

-- - I I I 1

II

-. a eJ -

.... i If II " " - p

~Figure 1: Changes in the absorption of the diodc- laser probe beam are shown following
193 nm photolysis of 12 in a 1/10 mixture with C02 at a total pressure of 27.5 retort. The

~diode laser monitors the 0001, Jf13-+OOO2,Jff12 to-vibrational transition of C02 in the

upper trace. The diode laser is tuned off the absorption line in the lower awe. Each trace

is 20 ps full scale. The vertcal axes are not scaled relative to one another.
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ea* + CO2 - e + C0 2 (00 0 1, J):

C02(000 1) Rotational Distribution vs.
a T=316K Boltzmann Distribution
25 -
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00.
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5

0*- F
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Rotational Level (J)

Figure 2: The experimentally determined rotational population distribution of C02(000 1)

for a 1/10 mixture of 12 in C02 at a total sample pressure of 27.5 mTorr. The squares

represent the experimental data points. The solid line represents a 316K Boltzmann

distribution.
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Figure 3: Lineshape profiles for 001 P(35) following excimer laser photolysis of 12. The

squares are experimental data: the curves are best fits to a Gaussian lineshape. The upper

trace shows the nascent lineshape, 700 ns after the excirner laser fires, before collisional

I relaxation. The lower a-ace shows the lineshape 15 .±sec after the excixner laser fires, after

-4 gas kinetic collisions. A total pressure of 27.5 rnTorr of a 1/10 12/C0 2 mixture was
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Figure 4: Changes in the absorption of the diode laser probe beam arm shown following

193 inn photolysis Of 12 in a 1/10 mixture with C02 at a total sample pressure of 27.5

MTorr. The diode la monitors the , IOJ=l8-+l0OJ1J7; 02O0,J=18-+0201,J=17

and 022o0j154022 ,.Ji14 ro-vibratioiial transitions of C02. Each trace is 20 lis full

scalt. The vertical scals am the same far the the ace.
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I&BLE L Excitation of CO 2 and CO vibrational modes by electrons which

are produced from excimer laser photolysis of 12.

Vio oaL e a babilit

e'" + C0 2(0000) -- e + C02(o01)

e* + C0 2(000 0) ---e" + C02("l0")(Upper)a 0.7

e* + C0 2(00%) -e " + C 02CW020XL, Wer)a 0.08

e" + C0 2(00°0) e- " + CO2(0220) 0.3

e' + CO(v=O) ---*te + CO(v=l) 1.1

aThe 1i0o0w and "0200" refer to the upper and lower Fermi mixed symmetric

st m/overtone bend states.

(c.3) CO(v=l) Stretch Excitation
Transient absorption signals are also measured for 1/10 mixtures of 12/CO. By

repe utedly switching back and forth between a C02 diode and CO diode, the cross section

for excitation of C02 000A P(17) relative to CO v=1 P(16) is found to be 1.3±0.6.

Assuming that the rotational distributions and transient linewidths of CO(v=1) are room

temperature Boltzmann, the relative excitation cross section is found to be
Ia 2 0(ol0c) 2 C0(vl)=0.±0.4. In addition, there is clear evidence that CO is being

produced in the cell from I2/o2 mixtures; frequency-resolved diode laser absorption shows

that the CO v=O P(22) absorption line increases with the number of excimer laser shots

fired into the sample cell.
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d.
Electron-C0 2 scattering appears to hold the most promise for explaining the above

exprimental results. The negligible translational and rotational momentum transfer to CO2

during electron-CO2 collisions can be explained as a result of the small mass of the

elco The relative vibrational excitation cross sections are also consistent with an

electron excitation mechanism, though it may appear at first glance that the present relative

excitation cross section results are inconsistent with an electron scattering process. From a

simple perturbation argument, it is expected that electrons will collisionally excite the 000 1
antisymmeatric stretching mode but not the 1000 symmetric stretch/bend mode of CO2 . The

fast electrons will weakly intact with CO2, and the vibrational excitation cross sections

will scale as the radiative oscillator strength. 2 1 In other words, the fast electron appears to

the molecule to be a time dependent electric field. However, the cross sections for

vibrational excitation of C0 2 (000 1) and C0 2(1000), as well as CO(v=l1), by low energy

electron scanering have been detemined in electron energy loss experiments to be similar

(-i A2 ) 13. = 23 Thus, the relative cross sections measured in this study are consistent

with an electron excitation mechanism. For electron kinetic energies below -10 eV, the

molecular electrons can no longer be considered to be motionless during the interaction

time.21, 24-25 At these low energies, the molecular electrons respond to the approaching

electron, creating an induced dipole. Furthermore, when resonances occur, the free

electron is temporarily bound on a timescale of the same order of magnitude as molecular

vibrations. 26 Consequently, the electron scattering process cannot be considered a weak

inmteraction. The strong electron-molecule interaction may lead to a breaking of the Fermi

resonance and subsequent preferential excitation of the 1000 upper level of the Fermi dyad.

At present, all our experimental evidence is in accord with an electron scattering

excitation mechanism; however, it is not possible at present to make quantitative
comparisons with previous electron-CO2 studies because the eiectron velocity, number

density, and quenching mechanisms are not yet accurately known. Due to the uncertainties
in the 193 nm multiphoton ionization of 12 and the complexity of the electron-CO2

interaction, further experimental evidence is required before it can be definitively stated that
the observed vibrational excitation is due to electron-CO 2 scattering. Experiments are

presently under way to determine the relative cross sections, transient linewidths, and
rotational profiles of various other modes of CO2 (E.A.---0.6eV) 27 and CO (E.A.- -

1.3eV). 2 In addition, other small polyatomic molecules can be probed such as CS2

(E.A.-+0.7eV)28 or OCS (E.A.-+0.5eV) 28 in order to determine the dependence of the

vibrational excitation on the electron affinity. The production of electrons with wel-defined
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kinetic energies, such as from ionization of cesium,2 9 '30 would allow a much better

comparison with electron energy loss data.

A key and novel feature of these experiments is the resolution, 0.0003cm-1 or
approximately 4X10 8 eV! This compares with standard electron scattering experiments3 which have a typical energy resolution of about 80 cm"! or 10 meV. The high resolution

is, ofc e, c obai by observing the molecular collision partner rather than the scattered3 electron as is normal in most electron scattering experiments. Such studies can provide

fundamental insight into the mechanisms and processes which are important in plasma3 etching reactors. Considerable interest in this technique has been exhibited by scientists

wordng on plasma etching diagnostics at the IBM East Fishkill facility.
This work was supported by the Joint Services Electronic Program, the National

Science Foundation and the Office of Naval Research.
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1 2. Chemical Dynamics of the Reaction Between Chlorine Atoms and

Deuterated Cyclohexane

(J. F. Hershberger, J. M. Hossenlopp, Y. Lee, and G. W. Flynn)

Product energy disposal in chemical reactions has been widely studied both3 experimentally and theoretically.1 Modem laser spectroscopic techniques allow the

determination of both rotational and vibrational quantum states of nascent product

molecules, while molecular beam experiments provide information on angular and

trnslational energy distributions. Reactions of chlorine atoms have important applications

in atmospheric chemistry,2,3 in chemical etching of surfaces,4 and in organic chemistry.5

We report here the spectroscopic observation of vibrationally and rotationally cold, but

translationally hot DC molecules produced by the reaction of chlorine atoms with
de Ptd cyclohexane

I b. ----*- I
The experimental method employs an excimer laser as pump and an infrared diode

3 laser as probe. Details have been described previously.6 ,7 Briefly, chlorine atoms are

produced by excimer laser photolysis of S2C12 precursor molecules:

S2C2 + hv (248 nm) -+ C1 + other products (1)

This precs produces a mixture of 78% ground state 2P3/2 and 22% excited state 2Pl/2
Cl atoms8 with an average translational energy estimated to be approximately 9.2 kcal/mole

(0.4 eV). 7 the chlorine atoms then react with C6D12 to form DCI:

C + C6D 12 -+ C6D I + DCI (2)

The rate constant for the corresponding hydrogen atom reaction is 3.1 x 10-10 cm3-molec-1-
sec "1 at room tperature. 3 DCI products are probed by time-resolved infrared absorption
spectroscopy with a high resolution (40.0003 cm -1) lead-salt tunable diode laser.

DCI(vJ,V) + hv (.4.9=o) -+ DCI(v± ,J±I,V) (3)
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where vJ, and V are the vibrational quantum number, rotational quantum number, and

translational velocity, respectively. The excimer and diode laser light were made collinear

by a dichroic beamsplitter and passed through a 2-meter absorption cell containing 30 mtorr

of a flowing 1:1 mixture of S2C12 and C6D12. Excimer laser repetition rates were kept low

(0.05-0.1 Hz) to allow product DC1 molecules to be pumped out of the reaction cell

between laser shots. Transient changes in infrare absorption were measured by an InSb

detector, amplified, and signal averaged on a digital oscilloscope.6

C. &2l2

When the diode laser was tuned to a DO v-0 absorption line, large transient signals

were observed. At the low pressures used, the time between gas kinetic collisions is

roughly 3-3.5 psec, slower than the observed rise times of 1.5 pLsec, and much slower than
the detecto response time of .700 nsec. Thus the observed transients are due to direct

productio of nascent, unrelaxed DCI by reaction (2). Much smaller signals were observed

when probing DC v-1 lines, indicating that 90% of the products are formed in the

vibrational pound state.
The signal amplitudes for different rotational levels of the vibrational ground state

were measured at t-700 nsec after the excimerpulse. These data were normalized by diode

laser power and relative transition matrix elements9 to obtain the rotational distribution

shown in figure 1(a). The best fit to a Boltzmann distribution gives a temperature of

Tp~=1350 An average of several experimental runs provides the value TRot=156±35

*K. In addition, transient Doppler lineshape profiles were measured by taking absorption

signals while the diode laser was slowly scanned over an absorption line. The lineshape is

shown in figure 1(b) for the v=0 P(2) line. The lineshape was well fitted to a Gaussian

profile with full width at half maximum (FWHM)=0.0092±0.001 cm-1, which corresponds

to a temperature of Tjm-1420±30O *K. An average of several runs provides the value

TTrm=12930 LK. The linewidth for the v-0,P(5) line was found to be identical within

experimental error to that of v=OP(2).
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Rotational Distribution of DCi, v=O
I
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Doppler Profile of DCI v=O, P(2)
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I Detuning from line center, cm-

U Figure 1. a: Bolwiann plot of the nascent rotational distribution of DC (v=O) produced by

reaction (2). The line is.a best fit to a rotational temperature of 135 OK. b: Nascent

I Doppler lineshape of the DCI v-- P(2) line. The solid line is a best fit to a Gaussian

lineshape. The fitted full width at half maximum (FWHM) is 0.0092 cmu1 , which

3 corresponds to a translational temperature of 1420 OK. The room temperature lineshape

(FWHM=0.0042 cm-I) is shown for comparison as a dotted line.
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d.
These results clearly represent nonstatistical partitioning of energy into rotationally

cold, but translationally hot DCI molecules. This reaction has an exothermicity of 7.9
kcal/mole, with an activation energy estimated at less than 0.5 kcal/mole by comparison
with the reaction of Cl with C5 D10. 10 The C1 atom reagent translational energy of 9.2

kcali/mole is easily enough to overcome the activation barrier. The energy available to the

reaction products is therefore roughly ET (Cl) - AH = 17.1 kcal/mole, neglecting C6D12

internal energy and C atom spin-orbit energy. DCI product rotation accounts for only a

fraction fR (DC1) = 0.02 of the available energy. The fraction in DCI translation is

fT (DC) = 0.26, determined from the linewidth data. Momentum conservation allows a

rough estimate of fr(C6D11) = 0.10, leaving fl = 0.62 left for internal motion of C6DI

radicaL The collision thus appears to be too short-lived to allow energy randomization of

internal and translational degrees of freedom. These results strongly suggest a direct

abstraction mechanism with a collinear C..D--D---C recoil geometry. The CI atom does not

necessarily have to approach in a linear configuration; even with non-collinear approach, a

very small motion of the fight D atom can produce a collinear transition state which then

rapidly falls apart. The departing DC products move rapidly away with minimal torque

being exerted by the large cyclohexyl radical. Alignment effects such as this have been

predicted in trajectory calculations on simple systems.II Furthermore, similarly cold

rotational distributions have been previously observed in hydrogen abstraction reactions of
O(3P) with hydrocarbons.12 A mechanism in which C1 inserts between C and D would be

expected to produce low rotational excitation in DCI even for a nonlinear C .... D .... Cl

geomety, however, such a mechanism is expected to have a high barrier and therefore to

be unimportant in the present study. If the collinear hypothesis is correct, a molecular

beam experiment should show predominantly backward scattering in the DCI product.

The observation of such a simple mechanism for a reaction between a large gas
phase molecule and an atom raises the question as to whether reactions between atoms and

thin film surface polymers might also exhibit similar behavior. Efforts to answer this and

other questions regarding the reactivity of Cl atoms are continuing in our laboratory.

This work was supported by the Joint Services Electronics Program, the National

Science Foundation , the Department of Energy, and the Office of Naval Research.
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3. Diode Laser Probe of Vibrational, Rotational, and Translational Excitation of3 C02 foliowing Collisions with 0(10): 1. Inelastic Scattering
Lei Zhu, Thomas G. Kreuz, A. Scott Hewitt, and George W. Flynn
Dq artmr of Charr7 wd Columbia Radiatnm Laborary. Columbia Universay, New York, NY 10027

Time domati diode law absorption spectoscopy has been used to obtain detailed information about state-specific en-
ergy eposi i vilraio mratioL and trnsational degrees of freedom of CO2 following the 248 run photolysis
of a low pessure mixzm of C0 2 and ozons. Naset rotational population distributions have been measured in a number of
low-lying C0 2 vibrational levels. including 0000, 0110. 0220. 020 0330, 1000. and 0001. In addition, measurements of
CO2 muaSlaional excitation have been obtained for most of these ro-vibrational states. The results suggest that the ob-
served aWorption signals ar only from T-+VRT inelastic scattering between CO2 and the translationally hot O('D) and
02(ta) phosofragimnm rather than from E-+VRT electronic quenching of O(ID) to O(3P) by collisions with CO 2. New evi-
dence sugsm that the latter process (O(ID) deactivation] deposits energy primarily into the CO2 rotational and transla-
tional - we vibntional - degrees of freedom. This finding has important implications about the nature of the electronic deac-
tivation pacs madthe presence (or absenm) of an intermediate CO3 complex.

CO3 complex in the quenching process comes from isotope ex-
I. INTRODUCTION change reactions of O(1D) with C0 2.20-22 Further evidence

The first electronically excited state of atomic oxygen, comes from matrix isolation experiments in which an infrared
O(1D), plays an important role as an intermediate in radiative spectrum assigned to CO3 was observed following ultraviolet
and photochemical systems, in the chemistry of the earth's photolysis of a solid CO2 and 03 mixture.22  Theoretical stud-
stratosphere, ad in the chemisuy of planetary atmospheres. ies of the geometry and electronic structure of CO , seem to fa-
Since this state is optically meustable (T,=140 s for the mag- vor a planar structure. with either C- or D3h geo .2etr.24-30 On
notic-dipolo allowed tmsiuon ID -+ 3P at 630 nim), O(D) may the other hand. there have been many studies which do not in-
undergo umay encounters with atmospherwic molecules before yoke a CO3 intermediate. 31-33 Clearly. further investigation is
relaxing radiatively to the gound state. Typically. the deacti- necessary to understand the mechanism of this deactivation
vation of O(ID) to the ground elecutonic state O0P) by colli- Orocess.
sions with atmospheric species is quite fast. requiring from I- This work represents the first high resolution study of trans-
10 gas kinetic collisions. 2 As a result, molecular collisions are lationally, rotationally, and vibrationally state-specific energy
expected to be d most important route for deactivation of deposition in the CO2 molecule following collisional quench.
0(0D). ing of O(ID). We report nascent rotational distributions for a

There have been a large number of studies of the quenching number of low-lying vibrational levels (0000. 0110. 0220.
of O(1D) by diatomic and polyaomic molecules.2-1 2 The rate of 0200. 0330. 1000, and 0001) as well as measurements of CO,
depletion of O(ID) atoms has been detected either by measuring translational excitation in each of these ro-vibrational states.
the weak O(ID) - O(3P) emission at 630 nm6"8 or by monitor- The basic experimental approach is described in the following
ing the atomic absorption spectrum of the ground state oxygen equations.
atom..'.5 9 However. very little is known about the specific vi- 0 3 Ai%248 run) -+ 0 2(A)+0(0D)
brational states of the quencher molecules into which the elec- 6( D)+co2-" o3p)o2(nm p. J)
tronic energy of O('D) is channieled during the deactivation pro- O'~2*OP~O(i~.1
cess. Such state specific information can provide insight into CO2(mn'p. J)+h (-4.3 tmr) -o CO2(mnp.-l. ± ).
the nature of the potential energy surfaces involved and the 0(D) atoms are produced in a mixture of 0, and CO, bv the ex-
mechanism of the quenching processes. Although theoretical cimer laser photolysis of 03 at 248 nm. "The O(ID) atoms are
models of.E-.V transter have beome quite sophisticated.13-15  collisionally quenched by CO 2 to produce ro-vibranonally ex-
state specific experimenal information which can be used to cited C0 2(mn'pJ). where m, n. and p are (respectively) thetont these theois is scrc e and usually limited to diatomic quantum numbers for the symmetrc stre tc h in g s etv el ). bending
molecules. Polyamic molecules, which have more than one (v2). and antisymmetric stretching (v 3) vibrational modes:tesrtioa 

these o re edo s carcoie anduull diidtioa iatomic qantum dnube frestvl the smro teting ,n v .b n i ngua
vibrational doegm of freedom, can provide additional inform - and I denote respectively the rotational and vibrational angular
ton about these quenching processes A can therefore eve as momentum quantumn numbers. A high resolution. cw diode laser

more accurate test of the theories used in describing these is used to probe specific ro-vibrational states of CO molecules
phenomena. ';a absorption in the strongly allowed v 3 band. Due to the an-

The deactivation of O(D) to O(P) by collisions with C0 2: harmoniciies in CO2 and the high resolution (-0.0003 cm-1 of
O(ID$C 2(Z ..- the diode laser, the IR absorption lines are easily resolved.Virtually all low lying ro-vibrational stues of CO 2 can be(where S' indicates CO2 vibrational, rotational and transla- probed using this method. In addition. the sub-Doppier resolu-

tional excitation) is an important quenching process about tion of the diode laser can be used to obtain the transient
which relatively little is known. Numerous experimental in- (nascent) absorpt-on line profile, thus providing information
vestigauions have shown that the quenching rats is extremely about translational excitation in the CO2 molecules.fast, occurring in approximately 1-3 gas kinetic collisions.). 6  Energy can be deposited into the internal degrees of freedom
The high officimey of this spin forbidden deactivation process Efergy va tw separte the 1)telegro queedom
has been attributed to the formation of an intemediate CO 3  of CO via two separate mchanhsms. 1) electronic uenching
complex i the boud region of a singlet surface. If the config- (chemical and/or physical) of the (e D: to O(3P). labelled hereuration space accessible to such a co " x includes a region a the "E-*VRT" process:
where crossing to a triplet surface ca. "-a. multiple passes CO2 +O(1D) -+ CO2(mR1.JV)+O(3p) (E-,VRT)
through this region during the lifetime of the complex should and 2) inelastic scattering between CO2 and the translationally
evemnaly lead o a crossing to the triplet surface yielding excited phoofragments. i.e. 'T-VRT" excitation:
O(SP) mad CO2.19 The tm direct evidence for the existence of a

As a m m - n in e mad. we = a din
1mmf for M Rpm W sem se Wal so rM ui a im 66
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Excitation of CO2 by 0(0)
CO+(1D) -, pI.,OV+( D) (F-*VRT)

C0 240 2 *QA) -+.eC 2(nMM p JV)+ 0 1A) 0rT3 CO 0 2 ! P,,,,l50 rTort 20 sec full scale

where '*' indicates translational excitation. In the first
(E--VRT) process, the 1.97 eV electronic emr is available to
the interial degrees of freedom of C0 2 . In the second process,

podsio provides 1 eV of translational energy to the
0 und 02 fragments (split 67% and 33% respectively), which is
available for T-VRT excitation of CO2. In addition to the two
excitation processes above, Valentini et a..36 and Sparks et oo00-oOt X(4o) 01'o.o1'1 R(43)
aL7 have shown that in the photodissociation of 03 at 266 run.
aptroximately 40% of tie 02(14) fragments are produced with
vibrational excitation, suggesting the potential for vibration-
to-,vibration (V-) energy transfer from 02(lA)* to C02. The
3 eV total energy available to C0 2 is enough to excie, for ex-
ample, 10 v3 or 36 v2 vibrational quanta, but is insufficient to
promote C02 into an electronically excited level. The reactive
ch a l rd ucig O2+CO acounts for less than 0.2% of all 0220- 0221 R~M 020- 022 (37

collisions.34 35 Both the E-+VRT and T-+VRT processes are
energetic and fast, requiring only a few gas kinetic collisions.
As a result of their similar time scales, their effects are bard to
separate expermantally. One method used here to selectively
identify the effects of the T-+VRT channel involves measuring
nascent populations and line widths at a low gas temperature of
223 K. which significantly alters the initial rotational and vi-
braonal state populations of CO2. This procedure is likely to
perturb the outcome of T--eVRT inelastic scattering, but is not 1o00-1001 MW 01 -002 R(37)
expected to have a significant effect upon a highly energetic
and strongly couple procesa like electronic quenching of N& L nTs e & s a s a to o-vibm-

0(11). ,at .sa CO2 Mmims the 24m -- ,.e d -- i a i:i ueau

ofC0 2 0 3. Pull baxiuil sub equal 20 pa. roe fas a ml u nphwdis
If. EXPERIMENTAL esma by &.mucafam in da pemcioa ,m ate foioweid by a mm slowlyv, gqp-ol wum nb e ,,,ais mamal nmmla inX~k

The excimer laser phowlysis/diode laser probe double reso- dahm ompammi . R(.p.7t to suheqaum a lack oa pai i.t Thm m
me aparatus has been described in detail elsewhere 38-2 and e00 d me, soul a b2,-,-R apal ai to o--

will be oulined here only briefly. An excimer laser operati g ped.. o 1 hWA mim pq.mI O h 022o..d tdu, to ie e mmiam pm The
at 248 run provides a -50 mJ photolysis pulse which is directed miM m ukan at zoom umsatm (294 K) at a wal pnmmu of o
through a 3 m long sample cell containing a flowing mixture of mTot.
03 md C0 2 . Thn cw infrred radiation (at -4.3 ptm) from a tmn- transferred from the trap to a 'seasoned', light-tight storage
able diode laser is propagated through the sample cell bulb which was kept refrigerated when not in use. The 03 con-
collinearly with the photolysis beam. During the course of a centration at room temperature was routinely determined in the
typic'4 explriment, the frequency of the diode laser is locked to cell by means of diode laser absorption measurements of the
tie caaar of a particular CO2 absorption line. Temporal 000,18216 -+101,192.17 IR transition of 03. Typical samples
changes in the trmsmitted intensity of the IR probe beam after were about 70% 03; the remainder of the sample was assumed to
the photolysis pulse are detected with a cooled (77 K) InSb de- be 02. Later in this paper, mixtures cited as "I/f CO/0 3 " are in
tector. The time-domain signals an digitized and averaged on a fact 1/1 mixtures of CO2 and this 03/02 combination, i.e.
Lecroy 9400 digital oscilloscope and analyzed on an IBM PS/2 1/0.7/03 C0 2 /03/0 2. All gas mixtures were prepared in gas
micrcopute. bulbs prior to performing the experiments. The C02 (Matheson

In addition to room termprantre measurements, the experi- "bone-dry" grade) was purified by two freeze-pump-thaw cycles
meat was also repeated at low temperatures to alter the initial before use.
rotational and vibrational Boltzmann distributions of the CO2.
In these experiments, the gas mixture flows through a 3 m long Ill. RESULTS
pyrex cell which is cooled by circulating chilled methanol The 'direct probing' technique employed here provides the
through an outer jackeL The temperature of the cell wall is nascent C02 ro-vibrational population distributions by directly
maintained at "3 K. as determined by an iron-constantan measuring the time dependent IR absorption (following the ex-
thermocouple &_ verified spectocopically.4 2 In low pressure timer laser pulse) in a low pressure (< 50 mTorr) mixture of CO2
experiments (e.g. 50 rTorr total pressure), the sample pressure and 03. A typical time domain absorption signal for a given ro-
was determined spectroscopically in order to avoid systematic vibrational level (e.g. Fig. 1) exhibits a fast rise which corre-
errors and those arising from thermal truspiration effects.4 1,42  sponds to the initial excitation process. This prompt feature is

The gas manifold, gas handling apparatus and sample call followed by a more slowly varying component resulting from
were made of pyrex with flexible stainless steel tubing and fit- subsequent collisional relaxation and diffusion from the beam
tings (Cajon Ultratorr). Only glass or teflon stopcocks with path. The amplitude of the fast component corresponds to the
viton 0-rings were used, end halocarbon grease was employed collisionally i-"uced population change in the ro-vibrational
throghLout. Ozone was produced by passing dry 02 through a state because t... rise time is fast compared to the time scale for

commercial "ozonizer" and collected on silica gel beads in a collisional relaxation of the C02 translational and rotational
cold trap which was immersed in a mixture of dry ice and sce- degrees of freedom (-4 ps at 25 mTorr). The population change
tooe. Before preparing gas samples, the cold trap was pumped can be roughly estimated by measuring the size of the signal at
on emnsively to renove residual oxygen. The ozone was then time t=700 na (the rise time of the IR detector), or more pre-
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A. Excitation in thme Ground Vibrational State

Time resolved absorption signals were obtained for excita-

* 11. 2 a)A bp~dnie'ji lamabeije - i~u th ineam tion of the ground vibrational state (0000) Of C0 2 from J=60 to
2 a) A ftpor-' &0 low ab" swrn ,-om inw o2  -1 m J=94. Obtaining signals at low rotational levels in the ground

~I (hoamny dsendeo igal asuqiveed was msmd 720 asafer the 243 are pie- state is experimentally difficult because of strong absorption of
mb&m pub 7b* Apa wee Atx toea Gausirn fmun (damed wit a sfid fin) the diode lse beam by ambient CO2 molecules in the cell. A
bad i ft i 113 1 r715 c r S Te~M his& A 1 0 slioato typical time-resolved absorption signal for a high rotational
bweded absurpom Hase (0.00428 cal OueHbf ssmor acoarison Mwe level in 0000 is shown in Fig. 1. Such data was obtained at
dan we taksem wie a 50 mTn flow mi ne of 1/ C02/03 at 294 IL b) room temperature (294 K) using a 1/1 mixture of O3/CO 2 at a to-
Ruad o daependne d tmrm ine width for repiurnan v tmn tal pressure of 25 mTorr. The observed signal exhibits ale,, ci CO2. Solid , lines to a leet quare 7tote ,in-m~d li
level o 2am*" to Io squares fi to a) me als prompt, detector-limited rise (- 700 ns), followed by a decay
* olido2m23,K.22 m O Hasdt h, due to rotational relaxation and diffusion of high velocity OD)

atoms from the diode beam. The frequency domain signal
cisely, by fitting the whole signal to a simple model contain- (taken at t=700 ns) is shown in Fig. 2a along with the room
ing multiple exponential decays (and/or rises) and extracting temperature Doppler profile. Note that the fitted width of the
the amplitude at 1=0. 4 1 When normalized for the J-dependent nascent absorption line is 0.0093 cm-1 (FWHM). approxi-
transient absorption lne widths (see the following paragraph), mately 2.2 times larger than the room temperature Doppler

th fitted amplitudes provide a detailed map of ro-vibrational width of 0.00424 cm-l. This corresponds to a translational
sw-specific enmry deposition in C02 during this process. temperature of -1320 K. and is in close accord with the predic-

Translational excitation of the nascent C0 2 molecules in tions of a simple 'billiard ball' model for collisions between

any given ro-vibrational state is obtained by measuring the translationally hot ozone photofragments and CO2 (see Sec.

size of the absorption signal at a number of frequencies 3W_ IV).46 The transient line widths in the ground state, shown in

rounding the absorption line center. It was found that the Fig. 2b, are substantially larger than those measured in other

nascent absorption line shapes (at any given time after the ex- vibrational sttes, and are seen to increase rapidly with increas-

laser pulse) cm be well fit to a Gaussian function, reflect- ing final rotational level. J. As discussed in more detail the
ing a Doppler-broadened. isotrpic distribution of ex c O2  next section, this features may be signatures of significant CO 2

molecules. The relative insensitivity of the apparatus to polar- translational and rotational excitation from the electronic
ization effects (and the associated non-Doppler absorpon pro- quenching process. The nascent rotational distribution in the

files) is largely due to the fact that the experiment does not ground state, normalized for both laser intensity and transient

probe the photofragments, but rather the CO2 quencher line widths, is given i' Fig. 3; note the monotonic decay ofI molecules which must suffer random collisions with the C0 2 excitation as J increases.

photofragments in order to become excited. In addition, the B. Excitation in the Antisymmetric Stretching (vj) Vibrational
collinear geometry of the pump/probe beams and the random Mode
polarization of the excimer la o frther inhibit the observation Transient absorption signals for the 0001 vibrational levelOf polarization ffecto.43 The width of the ficed Doppler pro- of CO2 are shown in Fig. 1. In contrast to the ground state (andprvides a measur e of the translational tempera of the ex- other vibrational states; see Fig. 1), these strong signals risecited CO2 molecules. A typical transient absorption signal es only slowly, on a time scale of -15-25 gas kinetic collisions.shown in Fig. 2. This suggests that 0001 is not directly produced. either by elec-tronic quenching of O(ID) or by collisional excitation, but
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rather ttrough some intermediate species. For example, the 223 K
slow roing 0001 signal may be due to non-resomrai V-V energy
trinfer to ground state C0 2 huom either highly vibrationally M4
soccited CO-noalp) or vibrationally excited 02(14). Finally, weI
nose dhat so observable signals, either prompt or otherwise, ~ .0.3'

have beent observed in doe 0002 stowe

C. Fkd inLWB~dX NO2 VibvmraW Mode 0.2eee

Typical Iraces depicting tine dependent changes in popula- 0.1
ton of the C02 banding levels. 0110 and 0220, following the
exciner lase pulse wre shown in Fig. 1. Tmes signals were _____________

acurdusing & 111 03/C0 2 mixture st a total Pressure Of 50 0.0 0 2 .0 30 40 5
Mnor ie the pound state (but unlike 0001), these states ex- 0 1

hibit aprompt chuage in absorption which decays back to the
baseline on a longr time scale. Transient, ine widths for all of
these stune wre quite similar (sem Fig. 2b) and have a weak do. 0.4
pendence upon the rinal rotational level. As in the ground
state, the line widths awe roughly twice a large as the room
temnperathe Doppler line width. and are also in close accord 10.2
with doe 'billiard ball' collision model (see Sec. IV).

Nascent rotational population distributions for the 0110 and 0$.0. ------------ C ----- _-----
02 2 0 stnam girvenin Fg. 4and 5;do0330 signals amenot
of sufficient size to obtain a full rotational distribution. Like
the ground stats, the 0110 rotational distribution is incomplete 9-0.2-
because of strong absorption by ambient C02 population in the Si
low lying rotational levels. Its most significant feature is the 06C 6
obvious alterzion= of intensity depending upon whether the -0.41
final rotational stat, Jis even or odd (seeFig. 4). Suchaonef- 0 10 20 30 40 s0 80
fa hos bean predicted by Clary and Alexandet:' 7 in a theoretical j
investigation of ro-vibrational excitation of C0 2 (0110) by Fl. 6 a) Mae, Iow atwyrvei (23Ktotationa popOadm distuibutio I C0 2
collisions with low energy helium atoms, and has beeni ob- (0220). NOWshelCk Of wLGa"11111at ~alowiJ. ihndat the dem.ed W.po-
served experimentally in our laboratory' 3 .'9 during the coli- tonceof pmn moaiuwal sammonag in the, nasmat diaihiwia (as competed with ig,

siosial excitation of 0110 and 0111 by translationally hot hy- 5). b) The roational am depensdaow of the difereme i nascent poputioa at
thogn atms. his scilatin ma proideinfomatin abut umW-uni (294 K) and low tanipeanue (223 K), i. "Fig. 5.- Fig. 6 ".S4

drogn soms.Thi owilaton my povid inormaionabou N-" te gauve and positive lobee' of th diaebutio are almost adracaL,
the competing effects of vibrationally inelastic scattering from ougn" that this graph ePrmm oaly pun rowatina scAGMai withn 0220.
0000 to 0110 versus pure rotationally inelastic scattering Thia. a low toamue halo. MoatioaMal oming (ie.. aesanve Auala) is evient

within 0110 (m" Sec. IV.wWil at tMM tam1plaskm It a en inIPoiM fealn 0f the Bosm populati dam.
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U The Effect of Excess Neon transfer in the observed signals. Since neon does not quench
O(ID) at an appreciable rate (< 10-17 cm 3 molecule-' sec-1),2 its

CO2 Men 1 0 P 1 24.0STorr 20usoc full scale only effect is to absorb the translational energy of the
photofragments and to promote fst collisional relaxationamong the CO2 rotational and translational degrees of freedom.

At a total pressure of - 5 Torr (the partial pressure of the C02J03
mixture was kept at 50 mTorr), the nascent rotational popula-
tions within each CO2 vibrational state are completely relaxed
within the 700 ns rise time of the IR detector, and thus any ob-

served time dependence corresponds to population changes
within the given vibrational level. As shown in Fig. 7. the
previously observed 'ptrmpt' signals essentially disappear in

022o-o22 R" 066-1061s R(40) the presence of excess neon (cmpare with Fig. 1). Instead, the
signals exhibit a much smaller prompt rise from die slight rota-3 tional/tanislational temperature 'jump' following the exciner
pulse (whose size is proportional to the ambient vibrational

state population), followed by a slowly changing component
whose time scale corresponds to the known room temperature
CO2+0(1D) quenching rate.2 As will be discussed in the next
section. this strongly suggests that the prompt signals seen in
Fig. 1 are due solely to T--VRT collisional excitation, not

• 0~ 1 '1 O N 1 40 00P O O 1 P(56 ) e lctro ic q uen ch in g o f O ( D ) b y C 0 2.

IV. DISCUSSION
M . dw oo d low abeim ,ipala fo w so-v. m mx.i-

l o C02 folowing th 24t no phadsIb da e in a 1:1:100 inaa eL Energy can be deposited into the internal degrees of freedom
CI2.. ''l 41111.- 1 a m m ma by. a ' of CO2 via two separate mechanisms, 1) E---VRT electronic
amp .Joapm ." Aamp e ew 1m m .ow . Thme =t do quenching of O(1D), and 2) T--VRT inelastic energy transfer
Co2 . a mp.awn *t~maldminit us-i s . ameOmmb from the photoproducts. Both processes are relatively fast. and
mmm a -e un a -am ml 041) at mai paem S T= both deposit substantial amounts of energy into the CO 2 bath

molecules. Nevertheless, the data obtained so far indicates that
Tlh Q220 ditriulmd is uniqne in that it i essentially om- the "prompt" signals and the nascent populations presented in

plo, cti both negative signals at low J caused by de- the previous section ae due only to inelasuc scattering be-
platio from low rotaional levels and positive signals at high tween the translationally hot photofragments and CO2, notN J which show a peak now M-37. As described more fully in the from the electronic quenching process. This implication is
next seed= these negadv signals are believed to be .caused supported by five different experimental findings: 1) the rela-
by pure rotational scattering within the 0220 state from colli- tively narrow transient line widths measured for all states ex-
sbus between CO2 and the translationaly hot photoprodwts. cept the ground state, 2) the oscillation in the magnitudes of
This would cause populadon hrm the most heavily populated, the odd/even nascent 0110 rotational populations, 3) the large
low lying rotational levels to be scattered into the higher rota- amounts of rotational scattering in 0220. 4) the lack of prompt
tional states: . signals when excess neon is added to the system, and 5) the re-

-2J>)(D) .sults of 'harvesting' experiments which suggest little deposi-
C02201').(ID) . (2 D "on of energy into the vibrational degrees of freedom of CO2 .I producing negative signals at low J and positive signals at We examine items 1-4 in detail below, the fifth will be dis-

high J. With this interpretation in mind, we hal. also obtained cussed briefly below and more completely in a forthcoming pa-
a nascent 0220 population distribution at a substantially lower per.50

gas temperaure of 223 K, at which the 0110 population is re-Educed by a factor of three and the 0220 population is decreased A. Transiew Lim Width

by a factor of nine. This serves to reduce the contribution from The transient absorption line shapes were measured for the
both vibrationally and rotationally inelastic scattering. The majority of the ro-vibrational levels which were probed in this
223 K 0220 distribution, shown in Fig. 6a. exhibits no nega- investigation. Despite the enormous energy available in the
tive signals, sMggesting that the negative signals ar due to system (1 eV translational+2 eV electronic), the line widths are
pure rotational scattering among the 0220 rotational levels. fairly narrow for vibrational levels other than the ground state,
D. Er citation i. the Symmeric Stretching (v,) Vibrational only -2 times the room temperature Doppler line width (see

Fig. 2b). This level of excitation corresponds to a transla-
tional 'temperature' of -1200 K, i.e. only -830 cm-1 of trans-

Similar experiments to those performed on the rotational lational energy per CO2 molecule. It is instructive to compare
levels of the 0220 vibrational state were also carried out on the the experimentally measured line width with that predicted by aU- nearly ioeergetic levels, 1000 and 0200. Both time and fre- simple 'billiard ball' calculation for collisional energy transfer
queacy domain absorption signals (using a 1/1 mixture of 03 in during elastic collisions between hard spheres which have the
C0 2 at a l pmaresmsreof 0 mTorr) were found to be qualita- same mass as CO2 , 0, and 02. Assuming that the the
tivey similar to the 0220 signals shown in Figs. I and 2. The photofragmens collide with C0 2 molecules which are initially
1000 rotational distribution was also found to be essentially at rest the average CO2 energy (averaged over all angles of ap-
identical (within experimental error) to that shown in Fig. 5 for proach) is simply given by:44-46

de 0220 level .
M~Aco,+ M ° (1

- E. The Fe ft Addin Ewen Neon 
(1)2,

Exem non gas (xl00) was added to the COWJO, sample in where s the initial laboratory frame translational energy of
order to reduce the imporance of T-,VRT collisional energy
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the 0ema (or 01). A is the &Wna lab framne C0 2 translational inelastic scattering from the ground state versus pure rotational
soorg, mad ,rma 11.73 -m lathe system reduiced nass. For scattering within the 0110 level. Such informtion is useful for
excIation Of C02 (0220) by collisios yith both 0 and 02 interpreting temperature dependent measurements in the 0220

F i.Eq. (1) gives values far %of 1580 and 660 level discussed below and may be obtained in the following
respctivlysubt ractg1-m the 1334 cur' of maimeor. FStm we consider the effect that pure rotational scat-

unav&ilbl M) vIrationgal V nog fo T average of taing within 0110 has upon the measured 0110 population dis-
thise two values, 110 cm-I, leads to a predicted line width tribution. At 223 K, -2.7% of all C02 molecules are found in
which is amost exactly equal to the measured value. This sug- the 0110 state. The number of populated rotational levels is
gem duae eithe 1) the E-*VRT process coincidentally produces sufficiently large (-60) that the population in any two adjacent
the sales SuntU Of C0 2 translational excitation as Simple even and odd rotational states is roughly equal. it follows that
ineastc scattering, or 2) the experimental data an the upper pure rotational scattering within the 0110 state. regardless of
vibrasinha stains simply does not reflect the results of the any propensities which might exiat, produces equal numbers of
elseavait queoching process. While such a coincidence is molecules in odd and even rotational states. In other words.
cumsainly posaWe the argunnenta which follow make it apypea- pure rotational scattering does not produce oscillations in the
unlikly. Note finally that the tranien line widths for nascent populations, and thus the excess population observed
rotatina levels between 1-0 and J=80 in the ground vi- in the odd rotational levels of 0110 at 223 K(see Fig. 4) are
bratica am of C0 2 are significantly larger (see Fig. 2b) than probably caused by vibrationally inelastic scatterig from the
those seen* in dhe vibrationaily excited level; in addition, they ground state. Note that the excess molecules found in the odd
wae g rapdl a a function of)J. As will be discussed rotational levels are quite a large fraction of the total nascent
below, this may b~.. a that the electronic quenching process 0110 population.
provides substantial translational and rotational but little CO2  Althugh the detailed propensity rules for scattering from
vi ~ 0000 into even versus odd rotational levels of 0110 are complex
B. OddJEven Oscifltia.. in 0)10 and depend upon the initial rotational state.47 the overall be-

Alsoedos i them-eitude o crw sctios fr sat- havior of the system may be described in simpler terms. Model
Akamimn the mi ,I ianitude o000 of C02S 51 into the calculations 52 indicate that. in the absence of even/odd propen-

t e roms ehen rot bational mate (000 ofe COM hainto ther sities. sate-to-state ro-vibrational scattering cross sections
od ver esem r01a0) onalestaeesbofth edlict bnin Clara-d ho 0000 to 0110 are quite similar to emus sections for pure ro-

tiosal tem(011) hve eaub~thpr~ict bytational scattering within 0110 except for their absolute magni-
Abxmft for-61002Mautig adobserved experimentally tude. In other words, the ro-vibrasionaily inelastic cross sac.hk HC01COMUU&4 7b eflct on orin th synmety dna;appear to be'dynamically separable' into cross sections

bmkeg. whichr sopoau the M0 01 10 transition. As in for pure rotational scattering times a simple multiplicative fac-
Re-92 waain&31 the liser. symmtric CO2 ground vira- tor to account far vibrational inelasticity. As a result. we can
tionals saw. only Alseven rotational transitions due to sotith'rliv.im raneofhsewocteig
seseu oin in the rotational coupling matrix elements, ascertai thei relt(i e .morance outhe s w ca bering

P-1-e1 orm tho Sroumi state is missing all odd rotational chtels i copd. rits ly ( he a~ dscn uatein) canbee-
level. a a rank of mier spin statistics. whereas the bent sities aid oscillating nascent populations in 0110 provide such
0110 taft ha both eve and odd rotational levels. As a reut an opportunity. The relative importance of rotational versus
on e peo; a mkeI propensity for scattering int a single virde sctein a be roughly determined by comparing
mosifol of anotlied levels in 0110 (either odd or even, do- nascent populations scayfed. into %Jcent (even and odd) rota-
pgadin& upon diae symmetry of the vibrational wavefunctions) tioal levels in 0110. Nj,, uadN,,,, for high values of J (as
deing the vibradionaly inelastic transition. In fact, it is the described below). In these high rotational levels, the ambient
add noicedJ levels in 0110 which we populated mat heavily population is sufficiently small that depletion due to pure
(e FiS. 4 and Id 4 rotational scattering may be neglected, and as a result, the

While oscillations in the nascenit 011) rotational popula- observed nascent population increase represents positive
tiesmw well kiown for collisional energy transfer, such a contributions from both rutationally and vibrationally

pheomnahas not, to the best of ow knowledge, been de- inelastic scattering. This may be written:
asibed for elecuouai quenching processes. Because of the sub-
stantial isotopic scrambling which has been observed in this -f," N'O + N (2)
sysasm, bock in our laboratory and by other researchers,0 i.e. N* N N

CtaO+ MCID) __4 69II.C'OO12+ 8 +3l[C02'(e] where Ntis the cont~at')n from pure rotational scattering,
while N61,,i and N are the vibrationally inelastic

tho lecronc qencing rocss s tougt toproeedthrug conJtrbu~tions from the ground state. Assuming temporarily
the lecronc qencing rocss s tougt toproeedthrugh that all of the vibrational scttering endsviyp i heod

a C03 collision complex which dissociates statistically into I1thod
C02+0. lending excitation produced by such a mechanism is rotational levels of 0110. i.e. NvAj..-=0sndwN ;Ng then
not likely to favor a single manifold of rotational levels. un- N - N1.nlo (4)less such an excitation occurs in the exit clumnel via a (half-
)coftisoa-ilke interaction between ground state CO2 and the and
departing oxygen at. Rather. it is more likely that the high Wb 01 010w , O"mwgy electronic quenching process. which may involve the N - - (5)

dincitio o ahiglybet Ch omlex wul poulte010 010 010disocatonofa iglybet O3 coplxwoldpoulte In this limit, (Nj, N" and Nj,, are, respectively,
both es aod Odd rotational levels wit equaal probability. separate measures of contributions from vibrationally inelastic

If the swan/odd oscillation observed in 0110 is interpreted and pure rotational energy transfer. We explicitly express the
solely in terms of inebatic scatteing. the experimentally mea- ratio of these quantities. R. as
aned unema populaticom shown in Fig. 4 can be used to pro-
vidle an esim of the relative importance of vibrarionally
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. m0e . m sured. and 3) it vastly slows the rate of diffusion of the O(D)
VR * a/L z mm atoms from the beamn path. If the prompt signals shown in the
Roatima! LiclN.ily N= (6) last section were caused by the E-*VRT process. their size

would be diminished (on average) by a factor of four, and the
Fromthe mewsured nascent 0110 rotational distribution shown observed nascent rotational population distributions would allU in Fig. 4, an experimental value for R is found to be -1/3, indi- exhibit a well defined Boltzmann rotational temperature.
catiri vibrational scatteng is an important channel relative Instead, the prompt signals are greatly suppressed. leaving
to pw raioa scatering, and accounts for a significant frac- only a small portion due to the temnperature jump which accom-
don of the observed nascent populations. This is the most panies the photolysis pulse. In place of the large prompt sig-
CoPJ tve statSnent that cat be made; if vibrational scatter- nals are only slowly varying CO2 signals whose time scales
ing populates even levels of 0110 as well as the odd levels crrespond closely to the room temperature quenching rate of
(comrasy w the simpifyin g asumption above), then vibra- O(ID). The combination of a slowly falling signal in the
tioed excitation plays an even larger role in the observed sig- ground state (ie. depletion of 0000 population) with the slowly
nalsr rising signals in 0110, 0220, and 1000. would appear to indicate

C. Rom E ati in 0220 vibrational excitation during the electronic quenching process.
Nevertheless, quantitative measurements of such data show that

In a similar fashin, the room temperature 0220 distribution vibrational excitation is quite small relative to excitation inU shown in Fig. 5 can be interpreted as being composed of pure the rotational and translational degrees of freedom. In fact.
rotationd scattering within the 0220 level and vibrationally separate time resolved studies50 show that the translational and
inelastic scattering ham 0110. Th importance of the 0220 dis- rotational temperature increase dramatically with time, indicat-
tribsion, is that it is esentially complete, including both posi- ing strong dumping of energy into the rotational/translational
tive values at high rotational levels sp well as negative values degrees of freedom due to an as-yet-undetermined mechanism.
at lowJ which correspand to scatteing out of these states is This result suggests that the prompt signals shown in Fig. I are
unlithat significm satting into 0220 arises from the due predominantly to T--+VRT inelastic energy transfer from the
gound state of C02 simple S.S.H. calculations indicate that translationally hot photoproducts to CO2 instead of theE such cross section are smaller by dwre than thre orders of E--VRT electronic quenching process.
iniad. than those for scaering from 0110.53-ss Because
do 011O0- aMg gap is roughly equal to the 000-+0110 E. 'Harvesting' Results and Implications
g we epapt that. the importame of vibrationally inelastic The total amount of CO2 vibrational energy for this system
winrig rabv to pum mirdal s emring in the 0220 dis- has recently been, measured in a set of preliminary 'harvesting'

tibis- is mughly twe th sen in the 0110 distribution. experiments. In- this technique, excess C0 2 as added to the
Tis is doe I thd existne of both even and odd rotational sample in order to 'promote fast, near-resonant V-V energy

01 rspared with only even levels in 0000 (i.e. tiansfer collisions which efficiently 'harvest' all of the C0 2 vi-
. Evdmce for the domination of brational energy down into the low-lying vibrational energy

viatioad weaning ovw rotaonal scattering is cleMy soen levels where it is conveniently measured. These preliminry
in the 223 K 0220 distribution shown in Fig. 6a where no experiments, which will be the subject of a separate publica-
negative (ie. rotationally inelastic) signals can be obsrvedl tdon.5 0 indicate that the electronic quenching process yields
Note finally that if the 223 K distribution, which represents as very little CO2 vibrational excitation (<500 cm- per molecule)
mah -po@ is the pure vibrazionally inelastic scateing dis- in this systen. If this finding is correct, then the vast majority
tribution, is subtracted from the room temperature dis- of the 2 eV contained in the O(ID) - as well as its additional 2/3
tribution. 6 we obtain in f. 6b what appears to be a distri- eV taslational energy - must be partitioned between CO2
bution for pun rotationally inelastic scattering; the negative translation end rotation during the E--VRT process. By invok-
and positive populations ae of almost exactly the same size. ing conservation of energy and angular momentum, and assum-
Such a procedue is not strictly valid because of uncertainties in ing that no energy is left as CO2 vibration, it can be shown52

the relative magnitudes of the two distributiom, but it clearly that a C0 3 complex with an initial internal energy of E=2 eV
zdeonstrats how the two separate scattming processes can will dissociate into CO2+O(3P) fragments which have a final

combine to yield the observed distribution. The presence of relative translational energy E' given by
significant negative signals, along with the substnial tem-
peare dependence of the nascent 0220 distribution, also argue EE = b 1
for a T-*VRT inelastic waing mechanism rather than for an I ' (7)
E--VRT electronic quenching process. where I = 43.1 amu A2 is the moment of inertia of the CO2

D. The r sof Exc Nem molecule and b, is lhe 'effective impact parameter' or moment

A simple and direct test to determine the origin of the fast arm of the half collision. The final CO2 rotational and labora-
signal observed in the present experiments was made by tory frame translational energy are given by:
adding a large (xlOO) excess of neon buffer gas to the system. E - E-E, 4 '
Nmerous sdies have shown that neon is an extremely poor MC02 (8)
qmenchr of O(1D) requiring more dun 10 Ne-OD) collisions
to occM. Thus, prompt C02 sigals should continue to be evi- The size of b. in Eq. (7) clearly governs how much of the initial
dent in do presence of excess neon if the previously observed 2 eV internal energy will be partitioned into relative transla-
sinals am caused by elecunk quenching. If these signals are tional energy; the remainder is converted into CO2 rotation.
due to collisional enargy transfer, they should disappear be- Without knowing details of the interaction potential. it is diffi-
camse the many intervening Ne-O(ID) collisions which absorb cult to obtain a precise value for b.. Nonetheless. from the size
the translational etegy of the phosoproducts. The effect of of the CO2 molecule and probable values for the position and
neon is dtefold: 1) it slows down the velocity of the O(ID) angle of the oxygen atom "push-off", it is likely that b, ranges
aeump (aMdt ti reduces the qunching rate) by a factor of four, from 0.7-1.4 A. Although the majority of the energy is carried
2) it bings the CO2 molecules inc raslational, rotational and away by the oxygen atom, a substantial amount remains in CO2
patial vibrational equillbrium before the signal can be mea- translation and rotation. The span of probable b. values leads
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00 C0 2 trilto alkruona energies which range from 3980 (DUh or C2 ,) CO3 intermediate, recent experiments:50 indicate
om-1j956 curlt o 2760 cm-1/5530 cmrl. that little of the 2 eV electronic energy is deposited in the vi-

The primary consequence of the enegy partitioning calcula- brational degrees of freedom of CO2. Instead, the vast majority
don. presented above is, tha teobserved lin witsfo h of this energy appears in CO2 rotation and translation. Thus.
O'jua.e signals ar much too small to be due to the electronic except for the observation of unusually large transient line
quenching y ,- That pace- alone should provide 300 widths in high rotational levels of the ground state, theme ap-

4Mcm-' per C02 mcule in aiiiiion. am extra 15~00 cm-1 pears to be no evidence (as yet) of direct energy deposition
prmolecule isepected from the aolisional recoil. Then e- from this fast. energetic quenching process. Explanations for

dmnam suggest thtat thm tronsient. liw widths associated wit the apparent absence of these signals include: 1) the E-+VRT
th e.locaonic quenching process should be -4i times greater process is obscured by the large T--.VRT inelastic scattering

thnroom teperature. un twice anLpa ha one in signals. 2) the quenching rate is much smaller than expected
d& wash. We heve reondty searched for such broad because of the high velocity of the O(ID) atoms and the nega-
obecpin lne which would indicatte elctoni tug ive activation energy, ad3) the eltoic quenching process

but hove bew ns muccessfu to date. This ma b e to populate high-lying ro-vibrational levels of CO2 which have
I~u of aes. Film the inceased abopto lin. dt not yet been probed. In light of recent work which has found

somciea wthdo uechngP -niam tatdi. substantial indirect evidence of this process,50 it is hoped tat
abueqslm signa (at line canter) is smaller the thtascae further investigation will provide a complete state-resolved

withC~lisi~al acirtio- Seond whie ~ ~ o- map of energy deposition in C02 during this important interac-
tidonal exciation typically require only a single gas kinetic ti.

colision, the electronic quenching process - albeit fat - re- ACKNOWLEDGEMENTS
quires -3 gos kinetic collisions at room temnperathre. However.
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dlower tha the roomn temperature rosoeby a much ae en order of Professor Millard Alexande for a number of helpful discus-
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crow out abiity no observe the E-eVRT qnmching process di- Propun the National Science Foundation. and the Department
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U SIGNIFICANT ACCOMPLISHMENTS

The Schottky barrier behavior of T'/PGaAs and PVTi/GaAs bimetal structures has
been investigated using several surface analysis techniques. Interfacial morphology of Ti3 and Pt thin films on GaAs(100) substrate was characteiz by coverage profiling of Auger

electron specosopy and transmission electron microscopy. The results showed no sign

3 of clustering for both metals at room terature deposition. A simple model explains well

- the bimetal Schottky behavior. Within this model, the functional dependence of the barrier
height on the inner metal thickness is interpreted in terms of the metal effective screening

and the interface trap states. Data analysis shows that the effective screening lengths of Pt
and Ti are significantly greater than the usual estimates and that the potential drop inside the

metal electrode of a Schottky contact is not negligible, in contrast to the common
assunpto.

Photoelectric emission induced by a focused UV laser beam (X=257nm) has been

used to probe semiconductor surfaces. It was possible to distinguish between regions of5 different doping levels on a silicon surface. The spatial resolution was found to be limited

only by the laser beam spot size.3 The photoluminescence from ZnSe epilayers on GaAs, bulk crystalline ZnSe, and
ZnSei7ZhMn1Se1, superlattices, when subjected to hydrostatic pressure in a diamond anvil

cell, has been studied. These measurements will aid in the development of optical and

electronic devices based on wide-band-gap II-VI semiconductors.

Raman microprobe spectroscopy has been used to profile locally doped regions in
GaAs with micrometer-level resolution. This is an important in-lim diagnostic technique
for compound semiconductor.3 A simple method for producing hot electrons and studying their collisions with

molecules in the gas phase has been developed. A key and novel feature of the experiments

is the resolution, 0.0003cm-1 or approximately 4 X 10-8 eV! This compares with standard
electron scattering experments which have a typical energy resolution of about 80 cm -1 or3 10 meV. The high resolution is obtained by observing the molecular collision partner

rather than the scattered electron as is normal in most electron scattering experiments. Such

studies are providing fundamental insight into the mechanisms and processes which are

important in plasma etching reactors. Considerable interest in this technique has been

exhibited by scientists working on plasma etching diagnostics in the electronics industry.

For optical signals transmitted through random media such as the atmosphere,

recursion relations, together with the generalized method of steepest descent, have been

7
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developed to numerically evaluate the photon-counting distributions and their factorial
moments to excellent accuracy.

Optical dephasing phenomena have been studied in organic dyes in solution and
semi onductor doped glasses. Dephasing times as short as 18 fsec were observed at room
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I

1 TECHNOLOGY TRANSITIONS

I A collaboration between Columbia and Professor C. B. Carter's group at Cornell

University has been established to characterize interfacial morphology of different metals

on GaAs. The TEM analysis of Ti/Pt/GaAs presented in this report was achieved through

this collaboration.

3 Laser etching of GaAs, supported for several years by JSEP, has been pursued as an

industrial process by Siemens. In addition, laser etching has also been used by United3 Technology for trimming of integrated optical waveguides and the etching of

semiconductor sensors.

A joint project with Frederico Cappaso of AT&T has yielded several new concepts for

quantum well detectors to accomplish reduction in optical noise. A joint project with

Bellcore has yielded a method for evaluating noise in semiconductor laser amplifiers.
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